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Abstract 
 
Redox reactions in soils and groundwater, especially at iron mineral surfaces, often 
play a major role in biogeochemical processes, including transformation of organic 
pollutants and thus are determining factors for water quality. Previous studies have 
shown that under anoxic conditions, ferrous iron bound to iron mineral phases forms 
highly reactive species and, together with redox active natural organic matter (NOM), 
is an important player in electron transfer processes across the mineral-water interface. 
On one hand, organic ligands’ sorption on iron hydroxides might compete with the 
formation of highly reactive Fe(II) surface sites. Alternatively, redox active organic 
solutes might enhance the electron-transfer across the mineral surfaces. Therefore, my 
work focused on elucidating the dual role of sorptive organic matter regarding 
electron transfer at iron mineral surfaces. 
To this purpose, batch experiments under anoxic conditions were conducted in 
suspensions containing goethite, dissolved Fe(II) and 2-hydroxy-1,4-naphthoquinone 
(Lawsone) as a redox probe representing important structural and functional 
properties of natural organic matter macromolecules. My findings indicate that the 
sorption behavior of the naphthoquinone lawsone on goethite is significantly altered 
by its redox state, as well as the amount and type of highly reactive Fe(II) sites bound 
to goethite surface. Reversible electron transfer processes were observed to take place 
at goethite surface, including the reduction of quinone (oxidize state) by Fe(II) 
associated with goethite and oxidation of hydroquinone (reduced state) by Fe(III) at 
the goethite surface. Furthermore, on the basis of dissolved equilibrium lawsone 
speciation, the apparent reduction potential of reactive iron species at goethite was 
assessed at pH 7 to be -150 ± 23 mV vs SHE. In comparison with the earlier 
observation on the apparent redox potential measurements by the non-sorbing quinone 
AQDS (anthraquinone-2,6-disulfonate), these results demonstrate that significant 
quinone/hydroquinone sorption does not change the apparent redox potential of the 
Fe(II)/Fe(III) goethite surface sites. 
While quinones are well defined in structure, natural organic matter is undoubtedly 
more complicated due to heterogeneous functional groups. My work described a 
systematic study with regard to sorption and electron transfer processes of organic 
matter in anoxic Fe(II)/iron mineral system using Aldrich Humic Acid (AHA) as a 
model NOM. The obtained sorption isotherms illustrated that the redox state of AHA 
does not affect its sorption behavior on goethite. Also, the sorption dataset indicated 
that the abundance and speciation of Fe(II) sorbed to goethite can strongly enhance 
the redox-active organic matter sorption onto goethite depending on its redox state (i.e. 
untreated and electrochemically reduced AHA). Furthermore, electron transfer 
reactions occur between the goethite/Fe(II) surfaces and humic acid at neutral pH, due 
to the significant difference between the redox potential of reactive Fe(II) associated 
with goethite and dissolved humic acid. Therefore, we can predict that the strong 
sorption ability and electron transfer process of organic matter might block the 
mineral surface and exhaust the redox capacity of reactive Fe(II) sorbed to the iron 
mineral surface, and thus limiting the reduction of organic pollutants at the iron 
mineral/Fe(II) interface. 
To this end, sorption of quinones and humic acid on goethite has been investigated by 
batch experiments. Yet the bonding mechanism at molecular level still remains 
unclear. To identify the surface species and thus to explore the sorption mechanism, 
UV-Vis analysis together with in-situ flow cell measurements of attenuated total 
reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy was conducted. First, 
the flow cell of the ATR-FTIR setup has been successfully established and then 
validated by exploring the sorption mechanism of catechol on goethite as a bidentate 
surface complex, consistent with the literature. The UV-Vis results indicated that the 
naphthoquinone lawsone can not form binary complexes with dissolved ferrous/ferric 
iron in the aqueous phase and also the FTIR and batch sorption data indicate the lack 
of significant sorption of oxidized Lawsone to goethite only. Furthermore, ATR-FTIR 
technique was used to investigate the sorption kinetics mechanism of organic matter 
(i.e, humic acid) at goethite. The spectroscopic dataset stated clearly that the carboxyl 
and phenol functional groups in humic acid structure form a surface complex at the 
goethite surface. Thus, we suggest that the high sorption of organic matter at iron 
mineral-aqueous interface is due to electrostatic attraction and surface complexation. 
However, the flow cell of ATR-FTIR measurements for the reduced species such as 
reduced state of lawsone and goethite-Fe(II) system need to be further evaluated. 
Summarized, the combined approach and datasets of batch experiments and 
ATR-FTIR technique depicts a clear picture of surface reaction of redox reactive 
organic matter across the iron mineral/Fe(II) interface. It may be a first step to predict 
the effects of sorptive organic matter on pollutant fate in heterogeneous systems.  
Zusammenfassung 
 
Redoxreaktionen in Böden und Grundwässern, vor allem an Eisenmineraloberflächen, 
spielen oft eine wichtige Rolle für biogeochemischen Prozesse, wie z.B. von 
Transformationsprozessen von organischem Schadstoff und sind entscheidend für die 
Wasserqualität. Bisherige Untersuchungen haben gezeigt, dass zweiwertiges Eisen 
(FeII), das an Eisenmineralphasen gebunden ist, unter anoxischen Bedingungen 
hochreduktive Spezies bildet und zusammen mit redoxaktiver, natürlicher, 
organischer Substanz (NOM) ein wichtiger Akteur für Elektronentransferprozesse an 
der Mineral/Wassergrenzfläche ist. Einerseits kann die Sorption von organischen 
Liganden an Eisenhydroxiden mit der Bildung hochreaktiver Fe(II) -Oberflächen 
konkurrieren. Andererseits könnten redoxaktive, organische, gelöste Substanzen den 
Elektronentransfer über die mineralischen Oberflächen verstärken. Folglich fokussiert 
sich diese Arbeit auf die Untersuchung der doppelten Rolle der sorptiven, organischen, 
Substanz bezüglich Elektronentransfer auf Eisenmineraloberflächen. 
Zu diesem Zweck wurden Batch-Experimente unter anoxischen Bedingungen in 
Suspensionen mit Goethit, gelöstem Fe(II) und 2-Hydroxy-1,4-naphthochinon 
(Lawsone) als Redox-Sonde durchgeführt, die wichtige strukturelle und funktionelle 
Eigenschaften von Makromolekülen natürlicher organischer Substanzen darstellen. 
Meine Ergebnisse zeigen, dass das Sorptionsverhalten von Lawsone auf Goethit 
anhängt von seinem Redox-Zustand sowie von der Menge und Typ der hoch reaktiven 
Fe(II)-Stellen, die an die Goethitoberfläche gebunden sind. Des Weiteren wurde 
nachgewiesen, dass der reversible Elektronentransfer auf der Goethitoberfläche, 
einschließlich der Reduktion von Chinon (oxidierter Zustand) durch Fe(II), verbunden 
mit Goethit und Oxidation von Hydrochinon (reduzierter Zustand) durch Fe(III) an 
der Goethitoberfläche stattfinden. Ferner wurde basierend auf der 
Gleichgewichtsspeziierung von Lawsone in Lösung das beobachtete 
Reduktionspotential von reaktiven Eisenspezies bei Goethit in einem weiten Bereich 
von -150 ± 23 mV gegen SHE ermittelt. Im Vergleich zur früheren 
Redoxpotentialmessungen durch das nicht sorbierende Chinon AQDS 
(Anthrachinon-2,6-disulfat) zeigen diese Ergebnisse, dass das Vorhandensein einer 
signifikanten Chinon/Hydrochinon Sorption den Elektronentransferprozess über die 
Fe(II)/Fe(III)-Goethitoberflächen nicht beeinflusst. 
Während Chinone in der Struktur gut definiert sind, ist natürliche organische Substanz 
zweifellos komplizierter aufgrund ihrer heterogenen funktionellen Gruppen. Diese 
Arbeit stellt eine systematische Untersuchung der Sorptions- und Elektronen ü
bertragungsprozesse von organischem Material in anoxischem Fe(II) 
/Eisenmineralsystem dar anhand von Aldrich Huminsäure (AHA) als 
Modellverbindung. Die erhaltenen Sorptionsisothermen zeigen, dass der 
Redoxzustand von Huminsäure dessen Sorptionsverhalten auf Goethit nicht messbar 
beeinflusst. Auch zeigen die Sorptionsdaten, dass die Spezies von Fe(II) an Goethit, 
die redox-abhängige Sorption der organischen Substanz (d.h. unbehandelte und 
elektrochemisch reduzierte AHA), erheblich beeinflussen können. Des Weiteren treten 
aufgrund von signifikanten Unterschieden zwischen den Redoxpotentialen von an 
Goethit gebundenem reaktivem Fe(II) und gelöster Huminsäure bei neutralem pH 
Elektronentransferreaktionen zwischen Goethit/Fe(II)-Grenzflächen und Huminsäuren 
auf. Die starke Sorption an und die Elektronenübertragung von AHA mit der  
Mineraloberfläche erschöpfen die Redoxreaktivität von reaktivem Fe (II), dass an der 
Eisenmineraloberfläche sorbiert ist. Dies vermindert die Umsetzung von organischen 
Schadstoffen an der Eisen-Mineral/Fe(II) –Grenzfläche. 
Die bisherigen Untersuchungen zum Sorptionsverhalten von Chinonen und 
Huminsäure auf Goethit wurden mittels Batch-Experimente durchgeführt. Der 
Bindungsmechanismus auf molekularer Ebene ist aber noch unklar. Um die 
Oberflächenspezies zu identifizieren und so den Sorptionsmechanismus aufzuklären 
wurden UV-Vis-Analysen in Kombination mit in-situ Durchflusszellenmessungen von 
Attenuiertem Totalreflexions-Fourier-Transform-Infrarot (ATR-FTIR) Spektroskopie 
Messungen durchgeführt. Zunächst wurde die Flusszelle des ATR-FTIR-Aufbaus 
erfolgreich etabliert und validiert, indem der Sorptionsmechanismus von Catechol auf 
Goethit als zweizähniger Oberflächenkomplex in Übereinstimmung mit der Literatur 
untersucht wurde. Die UV-Vis-Ergebnisse zeigen, dass das Naphthochinon-Lawsone 
keine binären Komplexe mit gelöstem Eisen / Eisen (III) -Ionen in der wässrigen 
Phase bildet. Diese Ergebnisse stehen im Einklang mit den Resultaten der Batch und 
ATR-FTIR-Messungen, die deren vernachlässigbare Sorption an Goethit belegen. 
Darüber hinaus wurde die ATR-FTIR-Technik verwendet, um die sorptive 
Wechselwirkung von organischen Stoffen, die reich an verschiedenen funktionellen 
Gruppen, sind mit Goethit hinsichtlich ihrer Reaktionskinetik zu untersuchen. Die 
spektroskopischen Daten zeigen, dass die Carboxyl- und Phenol-funktionellen 
Gruppen in der Huminsäurestruktur stark an der Goethitoberfläche haften können 
unter Ausbildung von Oberflächenkomplexen. Die starke Sorption von AHA an  der 
Eisenmineral-Wasser-Grenzfläche ist daher auf elektrostatische Anziehung und 
Oberflächenkomplexierung zurückzuführen. Allerdings muss die Eignung der 
Durchflusszelle des ATR-FTIR-Systems noch für Untersuchungen unter 
reduzierenden Bedingungen optimiert werden. 
Zusammengefasst zeigt Kombination von Batch-Experimenten und 
ATR-FTIR-Technik ein klares Bild der Oberflächenreaktion von redoxreaktiver 
organischer Substanz an der Eisenmineral/Fe(II)-Grenzfläche. Dies ist ein erster 
Schritt, die Auswirkungen von sorptiver organischer Substanz auf das 
Schadstoff-Verhalten in heterogenen Systemen zu prognostizieren. 
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1.1 Background  
 
Redox reactions in soils and groundwater, especially at iron mineral surfaces, play an 
important role in determining the overall biogeochemical conditions in aqueous systems and 
thus are key factors for water quality. This subject is of increasing significance as the fluxes 
of Natural Organic Matter (NOM) are affected by the type of land use and are expected to 
alter with future climate change which in turn will affect the function of aquatic systems as 
field scale reactors for pollutant attenuation. In recent years, a large number of studies have 
shown that ferrous iron- (Fe(II)) associated with iron mineral surfaces plays a significant role 
in transformation reactions of organic and inorganic pollutants in soils and groundwater.1-4  
In natural systems, however, iron mineral surfaces are inevitably in contact with NOM. As 
NOM can react with a number of pollutants,5-7 it is likely that sorbed organic matter affects 
the reduction process of the contaminants at mineral interfaces due to its interactions with iron 
both in aqueous solution and at the solid phase (see Figure 1.1).2, 6, 8, 9 On one hand, NOM 
sorption at iron hydroxides may interfere with the formation of reactive Fe(II) surface sites. 
On the other hand, NOM contains redox active quinone moieties and may act as a mediator 
enhancing the electron-transfer across the mineral surface. Even though redox reactions of 
iron mineral or NOM with pollutants have been studied extensively in binary systems in the 
past,1, 2, 7, 10-12 little is known about the effects of NOM sorption at iron minerals-Fe(II) 
interfaces. In this work, the effect of redox-active organic matter such as quinones and humic 
substances on redox reactions and sorptive properties of iron minerals has been investigated.  
 
Figure 1.1. Scheme of effect of NOM on the contaminant degradation in the iron mineral 
(goethite)/Fe(II) system. 
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Iron Minerals. Iron (Fe) is one of the most abundant rock-forming elements, constituting 
about 5% of the Earth’s crust.13 Iron (hydr)oxides, such as goethite, lepidocrocite, hematite 
and magnetite, are common and major minerals in soils and aquifer sediments.13 Goethite has 
a diaspore structure with hexagonal close packing of anions and is also a thermodynamically 
stable iron oxide at ambient temperature. The goethite structure, with the octahedral double 
chains, is shown in Figure 1.2.  
 
Figure 1.2. Goethite structure with octahedral double chains.14  Iron atoms are represented 
by small, open circles; oxygen atoms by large, open circles; hydrogen atoms by small, close 
circles. 
 
Specific surface area as well as surface charge of iron minerals can significantly affect the 
sorption ability and surface reactivity.13 The surface charge of an iron mineral is highly pH 
dependent due to the release or uptake of protons by the mineral surface, and thus 
characterized by the pH values at the point of zero charge of the surface (pHpzc). At conditions 
below the pHpzc, the surfaces are more protonated and thus positively charged. On the other 
hand, the surface is negatively charged when the pH is above the pHpzc. The pHpzc of goethite 
ranges between 7.5 – 9.5.13 Thus, high specific surface area and PZC enables goethite surface 
to attract metal cations, (such as Fe(II))15, 16 as well as organic and inorganic anions (e.g. 
carboxylic or humic acids, phosphate).17-24  
Ferrous iron is one of the common metal species naturally present in the oxygen free 
environments. The sorption of Fe(II) to ferric iron mineral such as goethite can form an 
inner-sphere complex with surface hydroxyl group.15, 25 Such surface bound Fe(II) has been 
reported to be bulk reductant with a lower redox potential and more reactive than aqueous 
Fe(II).2, 26-29 Through their high reducing capacity, Fe(II) associated with iron mineral can 
catalyze the electron transfer in the reductive transformation of various contaminants (e.g. 
chlorinated hydrocarbons, nitroaromatic compounds 1, 30).  
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Quinones. Quinones are oxidized derivatives of aromatic compounds and are usually formed 
from reactive aromatic materials with electron-donating substituents such as phenols.31-33 In 
biochemistry, quinones play an important role in the redox reaction chains and serve as 
mediators in electron transport processes. It has been reported that quinones and dissolved 
organic matter can affect the reduction of nitrobenzenes and chlorinated hydrocarbons by 
zero-valent iron or Fe(II) associated with iron oxides.2, 9, 34 Also, hydroquinones as well as 
humic substances have the ability of reducing hexachloroethane or nitroaromatic compounds 
without any bulk reductant.7, 10 However, the effect of quinones and organic matter on the 
surface reactivity of iron minerals remains although unclear. Inhibition as well as stimulation 
of contaminant degradation was observed depending on the type of organic matter, its 
concentration, and the type of iron mineral as well as the geochemical conditions.9, 35  
Figure 1.3 represents the structure of some quinones with different properties. By uptake of 
two electrons and two protons, the oxidized quinone gets reduced to hydroquinone. These 
quinone/hydroquinone couples dominate the redox activity of NOM (e.g. Aeschbacher et al36). 
Covering a range of redox potentials, these model quinones should also serve as indicator for 
the redox properties of the mineral surface. Determining the ratio of quinone/hydroquinone 
formed during the contact with goethite-Fe(II) enables to calculate the redox potential of the 
mineral surface by the Nernst Equation.27  Furthermore, the quinones differ with respect to 
their pH speciation. For instance, lawsone is deprotonated at neutral pH (pKa =3.9). We 
therefore expect significantly different sorption behavior of quinones to goethite and 
goethite-Fe(II) mineral surfaces.  
 
Figure 1.3. Structures of the quinones/hydroquinones couples of AQDS, lawsone and juglone. 
Illustrated are the dominant species at pH 7.  
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Natural organic matter. Natural organic matter (NOM) stems from the decomposition of 
plants and animals and is ubiquitously present in ecosystems.37, 38  Its functions are mainly 
related to nutrient availability for plants, as well as to be carbon source for heterotrophic 
microorganisms. The basic structures of NOM are created from its precursors lignin, cellulose 
and tannin, as well as various proteins, lipids and sugars.39-41 It comprises a variety of 
compound classes (e.g. carboxylic acids, carbohydrates, amino acids), among which the 
humic substances contribute with 40-60%.39 Humic substances can be further divided into 
three forms: the highly aromatic macromolecular humic acids (HA), the highly soluble fulvic 
acids (FA) and the insoluble, refractory humin.40  
A very important characteristic of humic substances is their redox activity, as they can act as 
electron donors or acceptors. It has been shown that humic substances play an important role 
in redox reactions with organic pollutants,7  as well as redox sensitive elements in soil such 
as metal ions (Fe, Mn  and Hg8, 42, 43), and also may serve as “electron shuttle” in many 
microbialy driven redox reactions.42, 44 The redox activity of humic substances primarily 
arises from the presence of quinone functional groups.34, 36, 45  Hence, quinone may serve as 
a model and proxy for redox active natural organic matter. 
Sorptive interactions of NOM with iron minerals. In soils and sediments, natural organic 
matter can be strongly adsorbed to mineral surfaces. Many studies about NOM adsorption on 
iron oxides have been published, focusing on several different aspects: stabilization of organic 
matter, pH influence, ionic strength, solute composition, surface complexation, size 
distribution and functional groups.17, 18, 20, 21, 46 It has been indicated that sorption to 
fine-grained mineral surfaces is well considered as an important element in the preservation of 
organic matter in sediments and soils.47 Also some experimental studies have been carried out 
to show that humic acids (HA) bind very strongly to the mineral surface. This adsorption 
behavior can be described by the Langmuir model and is also pH dependent.18, 20, 21, 46 The 
adsorption process is the binding between the adsorbing species (e.g. HA) and the surface 
hydroxyl groups on the iron oxide (e.g. goethite). On the oxide surface, the hydroxyl group 
can be protonated depending on the pH conditions. The adsorbing species is then attached on 
the oxide surface to form a complex. This pattern is consistent with a ligand-exchange 
mechanism, which is described by Figure 1.4. 
 
Figure 1.4. Mode of ligands exchange interactions between iron oxide and NOM (modified 
from Gu et al, 1994). 
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Furthermore, organic matter adsorbed onto the solid surface can still exhibit the physical and 
chemical characteristics of these organic ligands.21, 46 The adsorbed humic substances may 
strongly affect the mobility of mineral particles as well as the interaction and transport of 
environmental contaminants.10, 21  Such humic-coating of minerals also affects heavy metal 
(Pb2+, Zn2+, Cu2+) sorption-desorption processes, and therefore influence their mobility and 
bioavailability.48-51  In this work, one important objective is to investigate the sorption 
behavior of humic acids on the Fe(II)/goethite mineral surface. 
Electron transfer between NOM and iron mineral/Fe(II). Under reducing conditions, natural 
organic matter especially humic acid may accept electrons directly from the bound Fe(II) on 
the mineral surface depending on the redox capacity of HA. Previous studies have 
demonstrated that the redox properties of HA are largely determined by their 
quinone-hydroquinone moieties.45, 52 Their redox properties can be characterized by Electron 
Accepting (EAC) and Donating (EDC) Capacities, quantified by chemical or electrochemical 
approaches.36, 45, 53, 54 Additionally, humic substances have been reported to comprise a wide 
distribution of redox potentials from -0.3 to 0.8 V vs SHE.36, 45, 54 However, the goethite 
associated with Fe(II) has been experimentally investigated to have a lower redox potential,27, 
55, 56 compared to quinone/HA. Thus, it is expected that Fe(II) at goethite surface may reduce 
humic substances due to their redox potential difference. 
For a comprehensive understanding of electron transfer processes in organic 
matter-Fe(II)-iron mineral systems, more detailed investigations with regard to the importance 
of the redox state of sorbing humic acid as well as quinones are essential. The overall electron 
transfer in heterogeneous Fe(II)/Fe(III) systems may be controlled by the reactivity of the 
Fe(II) species and the redox properties of the input of sorbing organic matter in the system. 
 
1.2 Objectives 
 
Aside of determining the sorption of organic matter to the mineral surfaces, of particular 
interest is to identify the redox reactions between quinones/NOM and iron mineral-Fe(II) 
surfaces. Therefore speciation of the organic matter as well as of the mineral surfaces needs to 
be characterized and modeled.  
In detail, the specific objectives of the present thesis are: 
i) To determine sorption isotherms for model quinones (e.g. lawsone)/NOM at iron mineral 
surface as well as Fe(II)-mineral phases at given geochemical conditions such as pH. The 
sorption studies will be complemented under various redox states to improve the 
mechanistic understanding of the sorption and complexation behavior of selected 
quinone/NOM. 
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ii) To identify the redox speciation of quinones/organic matter in contact with Fe(II)-mineral 
phases and to characterize the redox potential of the mineral surface based on the quinone 
speciation.  
iii) To perform spectroscopic investigations of the iron speciation and the effects of sorbed 
DOM on reactive iron species at the mineral surface with various spectroscopic 
techniques (FTIR and UV-Vis). The spectroscopic studies will be complemented by 
modeling of the quinone and iron speciation to establish an electron balance. 
iv) To acquire a framework of the multiple interactions between natural organic matter and 
iron minerals at various geochemical conditions in order to provide a mechanistic basis 
for the prediction of redox processes with natural and anthropogenic compounds.  
 
1.3 Thesis Organization 
 
Chapter 1. This chapter is a general introduction introducing background, objectives, and 
structure of this study.  
Chapter 2. This chapter presents results of the sorption and electron transfer reactions of the 
model quinone with goethite/Fe(II) interfaces. With the aim of estimating the redox potential 
of the goethite-Fe(II) system, a spectroscopic study has been conducted in order to obtain the 
speciation of quinone. The UV-Vis spectra of dissolved quinone species were obtained, using 
electrochemical reduction in anoxic conditions (glovebox) to achieve different redox states of 
the quinone of interest to obtain suitable reference spectra of well-defined species. The pH 
was adjusted so that all acid-base forms were spectrally characterized and these could serve as 
reference spectra. The electrochemical set-up followed the method of Aeschbacher et al,36 and 
allowed not only modifying quantitatively the model quinones redox speciation but also 
determining the amount of electrons transferred.  
Batch experiments were then conducted, where the effects of sorbed Fe(II) concentration on 
redox speciation of quinones were studied. Different amounts of quinone were added to 
aliquots of a goethite-Fe(II) suspension. After equilibration, the UV-Vis spectra of the 
supernatant was obtained. Using the reference spectra previously obtained, the sample spectra 
were deconvoluted into individual components and the ratio of quinone/hydroquinone 
consequently derived. With this information, the redox potential of the reactive mineral 
surface was estimated from the Nernst equation. 
Chapter 3. The work presented in this chapter describes a systematic study of the sorption and 
electron transfer process of organic matter at iron mineral/Fe(II) surface by introducing 
Aldrich humic acid (AHA) as a model compound. Batch experiments under anoxic conditions 
in suspensions containing goethite, Fe(II) and AHA were conducted. Sorption experiments 
with defined mineral suspensions and geochemical conditions were set up (partially under 
anoxic conditions in the glove box) and defined amounts of organic matter added. After some 
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equilibration time the resulting DOC concentration was determined by a TOC analyzer as 
well as UV-Vis spectroscopy. The obtained sorption isotherms were used as input data for the 
comparison with the model quinone lawsone. The geochemical conditions were 
systematically varied by adjusting the pH in a range from 6-8 and also the effect of Fe(II) 
concentrations was studied. 
Chapter 4. This chapter focuses on the spectroscopic investigations of aqueous iron-quinone 
by UV-Vis and the sorbed quinone/humic acid species at the iron mineral surface by Fourier 
transform infrared techniques. UV-Vis spectra were taken to assess whether aqueous 
iron-quinone (e.g.lawsone) complexes exist by spiking quinone/hydroquinone into 
Fe(II)/Fe(III) solution in the pH range of 2-7.  Attenuated Total Reflectance-Fourier 
Transform Infrared (ATR-FTIR) measurements were performed with a flow through setup to 
study the sorbed quinone species at the iron mineral-Fe(II) interfaces. The ATR-FTIR analysis 
was firstly operated on aqueous catechol and its interaction with iron mineral surface and the 
obtained results were compared with the published literature for the validation of the setup.57, 
58 Then the same ATR-FTIR setup was utilized for target compound lawsone to better 
understand its sorption mechanism at iron mineral-Fe(II) surface. Finally, the ATR-FTIR 
technique was applied to explore the sorption mechanism of humic acid with more 
complicated structure on goethite. 
Chapter 5 provides a general conclusion and suggestions for future research 
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Abstract 
 
Redox reactions at iron minerals play an important role in determining the biogeochemical 
conditions in the subsurface. Fe(II) associated with iron mineral phases forms highly reactive 
surfaces and, together with sorbed redox active Natural Organic Matter (NOM), is key to 
understand electron transfer processes across the mineral-water interface. Here we investigate 
the role of sorptive and redox active organic matter on the surface chemistry and electron 
transfer at goethite in the absence and presence of Fe(II) using lawsone 
(2-hydroxy-2,4-naphthoquinone) as a model compound. To this end, we conducted batch 
experiments under anoxic conditions in suspensions containing goethite, dissolved Fe(II) and 
quinone model compounds. The results indicated that sorption of the naphthoquinone lawsone 
(i.e. in its oxidized form: LAWox) is consistent with surface-complex formation involving 
Fe(II) surface sites as it affected the abundance and type of reactive Fe(II)-sites at goethite as 
well as the regeneration of such sites after oxidation by re-adsorption of Fe(II) from solution. 
The sorption isotherm of the reduced form of LAW (LAWred) on the goethite-Fe(II) surface 
was consistent with the Langmuir model, but not related to initial Fe(II) loading. Also, 
electron transfer processes occurred between quinone and the reactive goethite-Fe(II) surface, 
accompanied by sorption processes. The apparent reduction potentials of the 
goethite-Fe(II)-(hydro)quinone surface were evaluated by measuring dissolved 
quinone/hydroquinone redox couples and spanned a wide range of -150 ± 23 mV vs SHE. By 
comparison with EH measurements using the non-sorbing quinone AQDS 
(anthraquinone-2,6-disulfonate), we conclude that the presence of sorbed 
quinone/hydroquinone does not significantly alter the redox potential of the 
goethite/goethite-Fe(II) surface.  
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2.1 Introduction 
 
Redox reactions at iron mineral surfaces play an important role in controlling biogeochemical 
processes, especially in the presence of diurnal, seasonal or long-term variations in redox 
conditions of natural porous media such as sediments, soils and aquifers. Previous studies 
have shown that ferrous iron associated with iron mineral phases is an extremely reactive 
reductant and, together with redox active natural organic matter, is a key player in electron 
transfer processes across the mineral-water interface.1, 3, 4, 7, 12, 30, 34 
Iron (oxy)(hydr)oxides, such as goethite, ferrihydrite, lepidocrocite, hematite and magnetite, 
are common and major minerals in soils and aquifer sediments. Sorption capacities and 
surface reactivities of these iron minerals are largely determined by their specific surface area 
as well as surface charge.13  
Due to the high specific surface area and point of zero charge, goethite exhibits a high 
sorption capacity for organic and inorganic anions (e.g. carboxylic or humic acids, phosphate) 
and despite electrostatic repulsion as well as cations can be strongly adsorbed to its surface.18, 
21, 22 The adsorption process includes the interaction of the adsorbing species and the surface 
hydroxyl groups on the goethite surface. The sorbed species may influence surface charge and 
surface properties.   
Under anoxic conditions, ferrous iron - which primarily stems from microbial iron reduction - 
is one of the most important naturally occurring bulk reductants. The sorption of Fe(II) to e.g. 
goethite significantly alters the mineral surface by complexation and formation of secondary 
mineral phases.15, 26, 28 Such surface bound ferrous iron is characterized by a lower redox 
potential and has been shown to be exceedingly more reactive than aqueous Fe(II), catalysing 
the reductive transformation of numerous contaminants (e.g. chlorinated hydrocarbons, 
nitroaromatic compounds).1, 35 The presence of various organic sorbents seems to modulate 
the reactivity of surface-bounded Fe(II) species in aqueous systems by different types and 
arrangements of ligands. On one hand, organic solutes such as quinones and humic acids may 
act as mediators enhancing the electron-transfer across the mineral surface.7 On the other 
hand, uptake of organic ligands on iron hydroxides may involve competition with highly 
reactive Fe(II) surface sites and the complexation of ferrous iron by organic ligands may 
cause desorption of surface bound ferrous iron and decrease electron transfer to the oxidants 
at the surface. In this case, the availability of reactive surface sites may become limiting. 
Although interactions between organic matter and iron minerals have been widely studied 
with regard to sorption,17, 18, 21 redox reactions 59, 60 and electron shuttling to microbes,42, 44 
systematic investigations on the combined effects of these processes on the redox properties 
of the mineral surface are scarce.  
Natural organic matter (NOM), especially humic acids, comprises of a wide range of redox 
potentials (-300 mV ~ +800 mV vs SHE).61, 62 The redox properties of NOM are largely 
determined by their quinone moieties,45, 52 which facilitate electron transfer between NOM 
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and various redox active species including potential determining geochemical components 
such as O2, iron oxides, Fe(II) or H2S 
36, 60, 63 as well as various redox sensitive contaminants.4, 
9, 11, 12, 30, 34, 35, 64  However, inhibition as well as stimulation of contaminant degradation was 
observed depending on the type and concentration of organic matter, type of iron mineral as 
well as the geochemical conditions. Thus it is currently difficult to foresee the overall effect of 
organic sorbents on the surface reactivity of iron mineral in the presence of bound ferrous 
iron.  
In order to elucidate the dual role of redox active organic matter regarding electron transfer 
process and also its sorption behaviour at iron mineral surfaces, we chose 
2-hydroxy-1,4-naphthoquinone (lawsone, EH(pH7) = -152 mV) as a model for redox active 
natural organic matter (see Figure 2.1).38 Lawsone can provoke various biological processes 
through chelating metals due to its catechol-like structure.65-70  
 
Figure 2.1. Speciation of the quinones/hydroquinones couples of lawsone (a). Absorbance 
spectra of the dominant species at pH 7 (b). 
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This study aims towards a better understanding of the multiple interactions between quinone 
model compounds and iron minerals at various geochemical conditions in order to provide a 
mechanistic basis for the prediction of redox processes with natural organic compounds. The 
major objectives are: (i) to investigate the sorption behaviour of quinone and hydroquinone at 
the goethite mineral surface under various redox conditions; (ii) to investigate whether 
electron transfer reactions of the sorbed quinone/hydroquinone on goethite occur in the 
presence and absence of initially added ferrous iron; (iii) to probe the redox properties of 
goethite-Fe(II) surfaces via quinone redox speciation (Orsetti et al. 2013). To this end we 
conducted batch experiments to elucidate how the presence of quinone modifies the reactivity 
of the mineral surface towards electron transfer processes.  
 
2.2 Materials and Methods 
 
Chemicals. 2-hydroxy-2,4-naphthoquinone (lawsone, 97%) and sodium hydroxide were 
purchased from Sigma-Aldrich. Hydrochloric acid (HCl), boric acid (H3BO4) and zinc 
chloride (ZnCl2) were from Merck. Potassium chloride (KCl), acetic acid ammonium salt 
(NH4COOCH3, 98%) and Ferrozine (98%) were obtained from Acros Organics. Zincon 
monosodum salt was provided by Fluka. All aqueous solutions were prepared with Millipore 
water. Goethite (α-FeOOH, Bayferrox 920Z) was received from Lanxess; specific surface 
area (N2-BET) = 9.2 m
2/g; pHpzc = 6.5.
35 
Fe(II) stock solution (0.5 M in 1M HCl) was prepared according to Buchholz et al.35 Zn(II) 
stock solution (0.5 M) was prepared by dissolving ZnCl2 (s) into Millipore water. 
Preparation of GT, GT-Fe(II), GT-Fe(II)+O2 and GT-Zn(II) Stock Suspensions. Goethite 
suspensions with a final goethite surface area of 100 m2/L were prepared in a serum glass 
bottle. The detailed preparation procedures of goethite (GT) and GT-Fe(II) stock suspensions 
were described by Orsetti et al.27 In the case of GT-Fe(II)+O2 suspensions, a defined amount 
of air (O2 = 0.15 or 0.3mM, CO2 < 1µM) was injected into previously prepared goethite-Fe(II) 
suspensions through the butyl rubber stopper, stirred under repeated pH adjustment for seven 
hours in the glove box and stored for one day . 
To prepare GT-Zn(II) suspensions, the goethite suspension was purged with N2 and 
transferred into the glovebox, adjusting its pH to 7.0 ± 0.1 with NaOH or HCl. Zn(II) was 
added from the stock solution under continuous stirring, achieving a final total Zn(II) 
concentration of approximately 3 mM, followed by pH readjustment to 7.0 and equilibration 
for three days. 
LAWox and LAWred Stock Solution. Oxidized lawsone (LAWox) stock solutions were 
prepared by dissolving lawsone in Millipore water and adjusting its pH to 7 to enhance 
solubility, followed by filtration through 0.45 µM membrane filters (mixed cellulose ester, 
Whatman). In order to obtain reduced lawsone (LAWred) stock solutions, electrochemical 
reduction of LAWox in the presence of 0.1 M KCl was performed inside the anoxic glovebox 
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using a 200 ml bulk electrolysis cell, an Ag/AgCl reference electrode, a glassy carbon 
working electrode and a platinum-wire as counter electrode. A reduction potential of -450 mV 
vs SHE was applied with an Autolab PGSTAT101 potentiostat (Metrohm, Germany) and pH 
was adjusted to 5-7 by titrating with HCl discontinuously during the reduction. After complete 
reduction of LAWred, the pH was readjusted to 7.0 with NaOH or HCl prior to use in the 
experiments. 
Experimental Procedure. All oxygen-susceptible procedures were carried out inside an 
Unilab anoxic glovebox (M. Braun, Germany, O2<1ppm, 100% N2). Nine different batch 
experimental setups were designed in order to investigate (i) whether LAWox/red is adsorbed on 
the goethite/Fe(II) surface and (ii) whether electron transfer processes between adsorbed 
quinone/hydroquinone and the goethite/Fe(II) surface are possible. The detailed initial 
conditions and compositions are listed in Table 2.1. 
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Table 2.1. Compilation of experimental conditions and setups (goethite loading: 50 m2/L; solid density: 5.43 g/L, GT = goethite; LAW = Lawsone) 
Experiment  Condition pHa 
 
Initial Concentrationb 
Fe(II)
aq
 
(mM) 
Fe(II)
tot
 
(mM) 
Fe(II)
sorb
 
(mM) 
Zn(II)
aq
 
(mM) 
Zn(II)
tot
 
(mM) 
GT+LAW
ox
 oxic 7.0 ± 0.1 - - -   
GT-Zn(II)+LAW
ox
 anoxic 7.0 ± 0.1 - - - 1.20 ± 0.01 1.51± 0.02 
GT-Fe(II)+LAW
ox
 anoxic 6.8 ± 0.2 1.02 ± 0.01 1.51 ± 0.01 0.49 ± 0.01   
GT-Fe(II)+LAW
red 
(I) anoxic 7.0 ± 0.1 1.04 ± 0.01 1.56 ± 0.01 0.52 ± 0.01   
GT-Fe(II)+LAW
red 
(II) anoxic 7.0 ± 0.1 0.33 ± 0.01 0.79 ± 0.01 0.46 ± 0.01   
GT-Fe(II)+LAW
red 
(III) anoxic 7.0 ± 0.1 < 1µM 0.20 ± 0.01 0.20 ± 0.01   
GT-Fe(II)+O2+LAW
red (I) anoxic 7.0 ± 0.1 0.83 ± 0.01
c 1.36 ± 0.01c 0.53 ± 0.01   
GT-Fe(II)+O2+LAW
red (II) anoxic 7.0 ± 0.1 0.51 ± 0.01
c 0.98 ± 0.01c 0.47 ± 0.01   
GT+LAW
red
 anoxic 7.0 ± 0.1 < 1µM < 1µM < 1µM   
 a no buffer and background electrode added, pH adjusted by HCl and NaOH addition. 
b initial Fe(II)aq/tot and Zn(II)aq concentration were experimentally determined. Fe(II)sorb = Fe(II)tot – Fe(II)aq 
c concentrations after purging air into GT-Fe(II) and then equilibrium 7 hrs. Initial concentrations of Fe(II)tot and Fe(II)aq of the GT-Fe(II) systems 
were 1 and 1.5 mM, respectively. 
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General Procedure: aliquots of 25 ml of either GT, GT-Fe(II), GT-Fe(II)+O2 or GT-Zn(II) 
stock suspensions were pipetted into 50 ml brown serum bottles. LAWox or LAWred were 
equilibrated with these suspensions in a 1:1 dilution for about 20 hours, resulting in initial 
lawsone concentrations from 0 to 800 μM and a goethite content of 5.43 g/L (50 m2/L). The 
pH was adjusted to 7.0 ± 0.1 with NaOH or HCl. After shaking overnight, the suspensions 
were passed through 0.45 µm syringe filters and the absorbance spectra of the supernatants 
were recorded using 1 cm air tight quartz cuvettes and UV-Vis spectrophotometer (photoLab 
6600, WTW, Germany) under strictly anoxic conditions. Aqueous LAWox, LAWred and 
LAWtot concentrations were further quantified by UV-Vis absorbance (see analytic method 
details below). Also, final aqueous Fe(II) and Zn(II) were determined by colorimetric methods 
(see below). Fe(II) control treatments consisted of goethite suspension and Millipore water in 
the absence of quinone. In addition, further controls containing LAWred and Millipore water 
were prepared to check for oxygen contamination during the course of experiments and 
whether the LAW concentration was influenced by the filtration process. All experiments 
were done in duplicate. 
Fe(II)aq, Fe(II)tot and Zn(II)aq Determination. Fe(II) was determined photometrically at 562 
nm using the ferrozine assay.71 The samples for Fe(II)aq were measured in the filtrate (0.45 
μm). Fe(II)tot was measured in unfiltered samples after 24 hrs storage in 1M HCl to 
desorb/extract Fe(II) from goethite. Aqueous Zn(II)aq was measured photometrically at 620 
nm after reaction with zincon (2-carboxy-2’-hydroxy-5’-sulfoformazylbenzene) as described 
elsewhere.72 All analytical measurements were performed in duplicates. 
LAWox,aq and LAWred,aq Quantification. Dissolved LAWox and LAWred speciation both 
exhibit acid-base speciation (see Figure 2.1). Detailed reference absorbance spectra of LAWox 
and LAWred are shown in Figures S2.1 and S2.2. At neutral pH, LAWox and LAWred bear one 
negative charge, and their absorption spectra partially overlap. While spectrophotometric 
quantification of LAWox at 453 nm is possible also in mixtures with LAWred, direct 
quantification of the latter requires further treatment of the samples: 
In the presence of low aqueous Fe(II) (< 50 µM), LAWred was quantified from the difference 
of the absorbance peak at 453 nm (LAWox) before and after re-oxidation of the samples in the 
presence of MOPS buffer (30 mM, pH 7) (‘GT-Fe(II)+LAW
red 
(III)’ and ‘GT+LAW
red
’ 
systems). Higher ferrous iron concentrations (> 0.5 mM), however, interfere significantly with 
the absorbance spectra of LAWox. Thus, a ‘MOPS + EDTA’ method was developed for 
aqueous LAWox and LAWtot determination in such cases (applied in experiment 
‘GT-Fe(II)+LAW
ox
’), which is described in Supporting Information for Chapter 2. In addition, 
Dissolved Organic Carbon (DOC) was determined using a high TOC Analyzer (Hanau, 
Germany) for comparison and good agreement with the absorbance data was obtained (see 
examples in Supporting Information Figure S2.13). 
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Sorption Isotherms.  A generic Langmuir model was applied to describe the sorption 
isotherms of LAWox and LAWred on goethite-Fe(II), shown in eq.(2.1): 
[𝐿𝐴𝑊𝑖]𝑠𝑜𝑟𝑏 =
𝐾𝐿,𝑖,∙ [𝐿𝐴𝑊𝑖]𝑠𝑜𝑟𝑏,𝑚𝑎𝑥 ∙[𝐿𝐴𝑊𝑖]𝑎𝑞
𝐾𝐿,𝑖 ∙[𝐿𝐴𝑊𝑖]𝑎𝑞 + 1
                                       (2.1)                                     
Here, KL,i is the Langmuir constant [L/µmol], [LAWi]sorb, max is the apparent maximum uptake 
[µmol/g]; [LAWi]aq is the aqueous concentration of LAW [µmol/L], [LAWi]sorb represents the 
sorbed concentration of LAW [µmol/g] and I represents either LAWred or LAWox. Resulting 
parameters are summarized in Table S2.2. 
 
2.3 Results and Discussion 
 
Multiple types of interactions may occur between quinone and goethite, depending on redox 
speciation of the quinone and the mineral. Sorbed Fe(II) at goethite is a reductant and 
potentially forms complexes with the reduced quinone, which presents two catechol-like 
neighboring –OH groups. The presence or absence of redox reactions and the extent and type 
of sorptive interaction between quinone and the mineral are summarized in the Table 2.2. 
Even though the exact surface speciation of quinone/hydroquinone on the mineral surface is 
unknown and out of the scope of the present work, the obtained results indicate specific 
interactions of LAW with Fe(II)-goethite and a distinct speciation of sorbed LAW. LAWox can 
act as an electron acceptor in the goethite-Fe(II) system (reducing conditions), while LAWred 
can be oxidized by goethite in the absence or at very low concentrations of added Fe(II) 
(GT+LAWred and GT-Fe(II)+LAWred (III) at lowest Fe(II) loading). 
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Table 2.2. Compilation of interactions between Lawsone and Goethite as examined by the 
various experimental setups. 
Experiment  
 
 
 
Processes 
Electron transfer Sorption  
GT+LAW
ox
 no Negligible 
GT-Zn(II)+LAW
ox
 no Linear (Langmuir) 
GT-Fe(II)+LAW
ox
 
GT-Fe(II)+LAW
ox
 →  
GT-Fe(III)+LAW
red
 
LAW
red
: Langmuir 
‘Excess’(LAW
ox
): Langmuir 
GT-Fe(II)+LAW
red 
(I) no Langmuir  
GT-Fe(II)+LAW
red 
(II) no Langmuir 
GT-Fe(II)+LAW
red 
(III) 
GT-Fe(III)+LAW
red
 →  
GT-Fe(II)+LAW
ox
 
LAW
red
: Langmuir 
LAW
ox
: Negligible 
GT-Fe(II)+O2+LAW
red (I) no Langmuir 
GT-Fe(II)+O2+LAW
red (II) no Langmuir 
GT+LAW
red
 
GT-Fe(III)+LAW
red
 → 
 GT-Fe(II)+LAW
ox
 
LAW
red
: Langmuir 
LAW
ox
: Negligible 
 
 
 
2.3.1 Sorption Isotherms of Quinone and Hydroquinone  
Figure 2.2 shows sorption isotherms of LAWox and LAWred onto goethite under various redox 
conditions. The adsorption isotherm of LAWred on goethite-Fe(II) showed an initial steep 
slope and reached a plateau at approximately 14 µmol/g uptake indicating a high affinity of 
reduced lawsone for GT-Fe(II) surface sites. The sorption data was fitted to a Langmuir model 
(see Figure 2.2 and 2.3)21, 73 and the obtained parameters [LAWred]sorb,max and KL,red were 14.5 
µmol/g and 0.11 L/µmol respectively. 
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Figure 2.2. Sorption behavior of LAWtot under different redox conditions. Data points refer to 
mean values of two independent experiments with error bars representing the lowest and 
highest values. Error bars are smaller than symbols. 
 
Goethite has a certain capacity to accommodate delocalized electrons within its crystal 
structure which must be exceeded in order to form localized Fe(II) surface sites.15 
Experiments with GT-Fe(II) with lower amount of initial Fe(II) loading were conducted to 
investigate this hypothesis (0.8 and 0.2 mM instead of 1.6 mM). In the case of 0.2 mM Fe(II) 
as total initial ferrous iron (GT-Fe(II)+LAWred (III)), no significant amount of aqueous ferrous 
iron was found due to complete uptake (and partial oxidation) of Fe(II) by goethite. The 
obtained adsorption isotherm of total lawsone in this circumstance presented no significant 
differences from the total lawsone isotherm on GT-Fe(II)+LAWred (I) (1.6 mM initial Fe(II) 
loading) (see Figure 2.3), even though electron transfer occurred at some extent between the 
iron and the quinone (details in Table 2.3b). Lawsone sorption isotherm on GT-Fe(II) using an 
intermediate initial Fe(II) loading (0.8 mM) also did not show significant differences from the 
two previous described isotherms; no evidence of electron transfer between iron and quinone 
was found in this case. These results would indicate that the type of surface sites generated at 
the lowest initial Fe(II) loading used in this study is no significantly different from those at 
high initial Fe(II) values (0.2 and 1.6 mM, respectively).  
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Figure 2.3. Sorption of total lawsone vs aqueous LAWred. Solid line represents a Langmuir 
model (eq.2.1) with [𝐿𝐴𝑊𝑟𝑒𝑑]𝑠𝑜𝑟𝑏,𝑚𝑎𝑥 = 14.5 µmol/g and KL,red = 0.11 L/µmol. Data points 
refer to mean values of two independent experiments with error bars representing the low and 
high values. 
 
Furthermore, to study how the type of Fe(III) surface sites formed by oxidation of Fe(II) at 
goethite compare with those at pristine goethite regarding the sorption of reduced lawsone, 
experimental setups GT-Fe(II)+O2+LAWred (I) and (II) were designed. Here, oxidation of 
defined amounts of Fe(II) at goethite was achieved by injecting controlled quantities of air 
equivalent to 200 and 500 µM electrons. It is worth mentioning that sorption of the CO2 
present in such air volume is negligible. The resulting conditions are comparable to those of 
the setups GT-Fe(II)+LAWred (I) and (II) in terms of initial Fe(II) loadings. No significant 
difference regarding lawsone sorption was found between the two types of setups. Sorption of 
LAWred was consistent in all of these systems, (see Figure 2.3), which suggests that surface 
sites formed by oxidation of Fe(II) exhibit the same properties as those at pristine goethite, 
consistent with findings of Larese-Casanova et al. (2012). They showed that extensive and 
repetitive Fe(II) sorption and oxidation on goethite results in surface remodeling and epidictic 
growth of goethite with similar structural properties as the template mineral under 
geochemical conditions comparable to our study.74 
Considering its molecular structure, LAWred (a catechol-like quinone) consists of neighboring 
phenol function groups (see Figure 2.1). Many experimental studies demonstrate significant 
complex formation between catechol and both Fe(II) and Fe(III) in aqueous solution but also 
at the surfaces on iron oxides.58, 75-78 Unfortunately, data on potential complex formation 
between iron and lawsone are scarce. Padhye et al. showed by Mössbauer and EPR 
spectroscopy that a Fe(II)-lawsone complex [FeII(Lawsone)2(H2O)2] formed in a methanolic 
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solution of lawsone and FeSO4∙7H2O at pH 6.66 However, our UV-Vis spectroscopic study 
(data not shown), showed no evidence of Fe(II)/Fe(III)-LAWred complexes in aqueous 
solution at pH values ranging from 2 to 7. Spectroscopic studies showed that catechol forms 
inner-sphere complexes at iron oxides surfaces for pH = 7, which might also be expected for 
LAWred.
57, 58 
When LAWred was added to GT-Fe(II), [Fe(II)aq] remained constant (Figure 2.4), which 
indicates no significant ternary GT-Fe(II)-LAWred surface complexes formation. 
 
Figure 2.4. Aqueous equilibrium concentrations of Fe(II) or Zn(II) in goethite suspensions 
under different experimental conditions. Data points refer to mean values of two independent 
experiments with error bars representing the low and high values. Error bars are smaller than 
symbols. 
 
Under oxic conditions (i.e. GT+LAWox, no Fe(II) present), uptake of LAWox on goethite was 
negligible. As both the goethite used in this work (pHpzc = 6.5
27, 35) and LAWox carry a slightly 
negative charge at neutral pH, the lack of sorption can be rationalised by electrostatic 
repulsion and the absence of significant specific interactions (complex formation) between 
these species. Although the ketone-group of e.g. quinolone antibiotics was shown to play a 
role in their surface complexation process to goethite,79-81  the weaker sorption of LAWox 
than LAWred can be explained by the smaller reactivity of the ketone-group of LAWox than the 
hydroxy-group of LAWred. The latter is able to e.g. undergo ligand substitution with goethite 
surface –OH groups.57, 58 
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Due to inevitable electron transfer between goethite-Fe(II) and LAWox, sorption of LAWox to 
goethite-Fe(II) cannot be studied without concomitant redox reaction, i.e. reduction of LAWox 
to LAWred. To circumvent this limitation, we studied sorption of LAWox, at GT-Zn(II). Zn(II) 
was not redox active and mimicked the surface charge of the GT-Fe(II) system to investigate 
potential electrostatic interactions between LAWox and GT-Fe(II). As expected, no reduction 
of LAWox by GT-Zn(II) occurred. However, uptake of LAWox was significantly higher in the 
presence of sorbed Zn(II) than on pure goethite (see Figure 2.2). The adsorption isotherm of 
LAWox at GT-Zn(II) was linear without reaching saturation in the concentration of Zn(II) 
applied. Since Zn(II)aq concentration remained constant in the filtered fractions (see Figure 
2.4), ternary GT-Zn(II)-LAWox surface complexes formation may be neglected. Therefore, 
this increase in LAWox adsorption in the presence of Zn(II) is consistent with a less negative 
or even positive surface charge of GT due to sorbed Zn(II), thus enhancing the electrostatic 
contribution to the sorption of LAWox. As uptake of Zn(II) by goethite was much lower than 
uptake of Fe(II) (0.3 instead of 0.5 mM), LAWox sorption to GT-Fe(II) is expected stronger 
than to GT-Zn(II).  
When LAWox was added to GT-Fe(II), the total amount of sorbed lawsone was almost twice 
the uptake in GT-Fe(II)+LAWred systems (see Figure 2.2). In this case, both specific and 
non-specific (electrostatic) mineral-lawsone interactions may be responsible for the high 
adsorption. Furthermore, reduction of LAWox at GT-Fe(II) occurred, as evidenced by the 
presence of aqueous LAWred as well as the concomitant decrease in aqueous Fe(II) content, 
which indicates a loss of surface Fe(II) by oxidation causing subsequent adsorption of 
dissolved Fe(II) to re-establish the Fe(II) adsorption equilibrium. It is worth mentioning that 
aqueous Fe(II) cannot reduce LAWox in the conditions of our experiments (data not shown).  
The sorbed amount of LAWred can be estimated using the Langmuir isotherm obtained from 
fitting the data of GT-Fe(II)+LAWred (I) experiment (eq.2.1) according to the aqueous 
concentration of LAWred at each data point, as sorption of LAWred at GT-Fe(II) did not vary 
with different Fe(II) loadings and oxidation of Fe(II) at goethite. Based on this observation, 
we conclude that the “excess” sorption occurring in the GT-Fe(II)+LAWox system can be 
attributed to LAWox only (i.e. the amount of sorbed LAWtot sorbed which cannot be explained 
by sorbed LAWred). The observed significant “excess” sorption at LAWox-GT-Fe(II) was 
quantified as the difference between the sorbed reduced lawsone and the sorbed total lawsone, 
expressed by (eq.2.2): 
[𝑒𝑥𝑐𝑒𝑠𝑠]𝑠𝑜𝑟𝑏 = [𝐿𝐴𝑊𝑡𝑜𝑡]𝑠𝑜𝑟𝑏 − [𝐿𝐴𝑊𝑟𝑒𝑑]𝑠𝑜𝑟𝑏 =  [𝐿𝐴𝑊𝑜𝑥]𝑠𝑜𝑟𝑏            (2.2) 
This “excess” sorption was thus fitted by using a second Langmuir isotherm (eq.2.1) for 
LAWox on goethite-Fe(II) surfaces (see Figure 2.5c). When comparing the fitted Langmuir 
parameters, KL (LAWred) is one order of magnitude higher than KL (LAWox) in the 
goethite-Fe(II) system, whereas the maximum uptake of LAWred is approximately 4 µmol/g 
lower than that of LAWox.  
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Figure 2.5. (a) Comparison of experimental uptake data for lawsone on 
goethite-Fe(II)-LAWox with a model using two surface species. Filled circles represent mean 
values of two independent experiments with error bars representing the low and high values. 
Line with star markers represent the sum of two Langmuir models at each data point.(b) Line 
represents simulation of surface species 1 using a Langmuir model (eq.2.1) with [LAWred]sorb, 
max = 14.5 µmol/g and KL,red = 0.11 L/µmol. Filled squares represent the sorbed amount of 
LAWred estimated using the Langmuir isotherm obtained from fitting the data of 
GT-Fe(II)+LAWred (I) experiment (eq.2.1) according to the aqueous concentration of LAWred 
at each data point.(c) Line represents fitting of ‘excess sorption’ involving a second Langmuir 
model (eq.2.1) with [LAWox]sorb, max = 18.8 µmol/g and KL,ox = 0.033 L/µmol. Filled triangles 
represent the observed significant “excess” sorption at LAWox-GT-Fe(II) quantified as the 
difference between the sorbed reduced lawsone and the sorbed total lawsone (eq.2.2). 
 
The nature of the quinone-mineral interaction for the “excess” sorption can only be explained 
if specific sorption is taken into account (i.e., surface complex formation between LAWox and 
Fe(II)/Fe(III) surface sites). The electrostatic interactions of LAWox with the mineral surface 
are equal or less than those of LAWred. Considering that both LAWred and LAWox carry a 
negative charge at pH 7 (being of similar size), non-specific sorption should be similar for 
both. Surface saturation was achieved for GT-Fe(II)+LAWred systems (I) and (II), in the 
absence of redox reaction with a [LAWred]sorbed,max around 14 µmol/g. Thus, this surface 
loading can be considered as a maximum limit for the electrostatic component (even though 
we assume that specific sorption is also occurring between LAWred and the surface).  
In order to study the “backward” reaction (e.g. oxidation of LAWred by Fe(III) in GT, no Fe(II) 
initial added), different concentrations of LAWred were added to GT suspensions. Both 
reaction products (LAWox and Fe(II)) were detected in aqueous solution after equilibration 
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time. These findings indicate that LAWred was oxidized by lattice-bound Fe(III) of goethite 
forming GT-Fe(II) surface sites and releasing Fe(II) to the aqueous phase, which enhances the 
sorption of remaining LAWred and, potentially newly formed LAWox.  
For the lowest initial LAWred concentrations studied (150 µM), total sorption of LAW to GT 
was lower compared to the GT-Fe(II) experiments discussed so far (Figure 2.2), presumably 
because the amount of formed Fe(II) was too low to result in formation of significant 
quantities of Fe(II)/Fe(III) surface sites. However, our results shown so far suggest that 
LAWred sorption is much less dependent of Fe(II) loading than LAWox, whose sorption is 
almost insignificant in the absence of Fe(II). Thus we can assume that LAWox sorption is 
negligible in the ‘GT+LAWred’ system due to the limited Fe(II)/Fe(III) surface sites, so that 
the sorbed LAWtot is exclusively LAWred. Therefore, it could be more representative when 
sorption is plotted as a function of LAWred,aq instead of LAWtot,aq (LAWtot,sorbed vs LAWred,aq, 
see Figure 2.3). Here, we can observe that all sorption data are consistent and they can be 
described with a single sorption isotherm; individual fitting of each system showed no 
significant differences in the obtained Langmuir parameters (see Table S2.3). This confirms 
that LAWox sorption is negligible when no enough goethite-Fe(II) surface sites are present. 
 
2.3.2 Electron Transfer between Goethite and Lawsone  
According to previous research, redox reactions occurred between dissolved anthraquinone 
(AQDS) and Fe(II) associated with goethite, in the absence of quinone sorption.27 In the 
present study with lawsone (a sorbing quinone) electron transfer between the mineral and the 
quinone was observed in general, showing that the sorption of lawsone does not prevent the 
electrons from being transferred. Table 2.3 shows the results for the systems in which an 
electron transfer reaction was observed.  
GT-Fe(II)+LAWox. The extent of LAWox reduction at given initial Fe(II) loadings varied with 
the amount of LAWox initially added. LAWox was completely reduced up to about 200 µM 
initial quinone loading. For higher initial LAWox loadings, a maximum LAWred concentration 
of 200µM was observed indicating an electron transfer capacity of the GT-Fe(II) mineral of 
about 400 µM electrons at the given conditions (pH 7; 1.5 mM total initial Fe(II)). 
Due to the absence of aqueous phase redox reactions, changes in aqueous Fe(II) concentration 
provide indirect information about changes of sorbed Fe(II) such as oxidation of surface 
bound Fe(II) by quinones and subsequent adsorption of dissolved Fe(II) at the new Fe(III) 
surface sites, as previously demonstrated by using a non-sorbing quinone (AQDS).27 In our 
systems, direct determination of sorbed Fe(II) is not possible due to the presence of sorbed 
quinone. Since the exact stoichiometry of the Fe(II) re-adsorption process is unknown, we 
consider the decrease of aqueous Fe(II) as a lower estimate of oxidized sorbed Fe(II). Our 
results show that the decrease of dissolved Fe(II) was consistent with the measured increase 
of LAWred in solution (see Figure 2.3 and Table 2.3a). 
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GT+LAWred. The oxidation of LAWred by ferric iron associated with GT (i.e., the “backward” 
reaction) was studied by adding fully reduced quinone (LAWred) to anoxic goethite 
suspensions without initial added Fe(II). LAWred was oxidized to some degree (depending on 
the initial quinone concentration), and only a fraction of the Fe(II) product appeared in the 
aqueous phase (Table 2.3b). The oxidizing capacity of the goethite was not exhausted in the 
studied range of concentrations of quinone, since no plateau in LAWox concentration was 
achieved. 
GT-Fe(II)+LAWred. Three different initial Fe(II) concentrations were studied (1.5, 0.8 and 0.2 
mM). While no electron transfer reaction was observed at high Fe(II) loadings (1.5 and 0.8 
mM), LAWox was found in the aqueous phase when only 0.2 mM Fe(II) was initially present 
(GT-Fe(II)+LAWred (III)). In this scenario, no significant aqueous Fe(II) was present before 
quinone addition; an increase in the Fe(II)aq was observed as shown in Table 2.3c, reaching up 
to 25 µM when about 40 µM LAWox was produced (aqueous phase). A maximum of about 40 
µM LAWox was produced, i.e. four times less than during the oxidation of LAWred in the 
GT+LAWred system. This observation is compatible with the more oxidizing redox potential 
of the mineral (higher EH,GT-Fe(II)) due to the absence of initial Fe(II). 
Furthermore, an electron balance was estimated based on the previously described 
assumptions concerning the redox speciation of sorbed lawsone. Sorbed Fe(II) content was 
estimated considering the reduction or oxidation of lawsone, depending on the system (i.e. 
loss of Fe(II) corresponding to twice the produced LAWred, or increment of Fe(II) 
corresponding to twice the oxidation of LAWred) (see Table 2.3).  
 
2.3.3 Redox Potential of Goethite-Fe(II) (EH, GT-Fe(II)) 
Assuming redox equilibrium between solution and mineral, the redox potential of the Fe(II) 
associated with goethite can be estimated from the redox speciation of the quinone in the 
aqueous phase (eq.2.3).28 
∆𝐸 =  𝐸𝐻,𝑙𝑎𝑤𝑠𝑜𝑛𝑒(𝑎𝑞) − 𝐸𝐻,𝐺𝑇−𝐹𝑒(𝐼𝐼) (2.3)                                                                                
Here, EH,lawsone(aq) and EH,GT-Fe(II) represent the reduction potential of the aqueous quinone and 
the ferrous iron associated with the mineral at given experimental conditions. 
The redox potential at the goethite/Fe(II)/water interface was estimated for each experiment 
with detectable concentrations of aqueous quinone and hydroquinone, using equations S2.1 
and S2.3 (Table 2.3) (for details see Supporting Information for Chapter 2). EH,GT-Fe(II) values 
for GT-Fe(II)+LAWox ranged from -127 to -173 mV vs SHE (Table 2.3a) while more reducing 
potentials were measured for GT-Fe(II)+LAWred systems (-173 to -196 mV, Table 2.3b). 
Lower potentials (higher reducing conditions) occurred in systems with a higher total Fe(II) 
concentration, as expected.  
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When GT and LAWred reacted in the absence of initial Fe(II), Fe(II) formed in situ from 
oxidation of LAWred by structural Fe(III) of goethite and the corresponding EH,GT-Fe(II) values 
ranged from -139 to -161 mV (Table 2.3c). However, for the lowest initial LAWred added (150 
µM) only 13% remained reduced, resulting in a low LAWred concentration involving a higher 
uncertainty when determining its value (by difference in LAWox concentration, as previously 
described). In any case, sorption behavior of Fe(II) differs significantly from the case where it 
was added prior to LAW addition (GT-Fe(II) experiments) and the case where it was formed 
in situ (GT+LAWred experiment). Results shown in Table 2.3 indicate an important difference 
in the nature of the surface in both scenarios when it comes to sorption of Fe(II) and quinone, 
which would explain the difference in EH,GT-Fe(II) values for similar Fe(II) sorbed 
concentrations.  
Chapter 2. Effects of Sorbed Quinone/Hydroquinone on Electron Transfer 
37 
 
Table 2.3. Aqueous redox species and calculated reduction potentials (E
H,GT-Fe(II)
, according to equations S2.1 and S2.3) for Lawsone added in 
different redox states to anoxic Fe(II)-goethite systems. All potentials are expressed vs SHE. 
a) GT-Fe(II)+LAWox system (pH = 6.8 ± 0.2; Fe(II)tot, initial = 1.5 mM, Fe(II)sorb, initial = 0.5 mM) 
initial added 
LAW
ox
 
 
(µM) 
LAW
red 
(aq) 
produced 
 (µM) 
LAW
ox 
(aq) 
remaining 
 (µM) 
LAW
tot
(aq) 
(µM) 
LAW
red
(aq)/ 
LAW
tot
(aq) 
 (%) 
LAW
red 
(sorb)  
 (µM)a 
‘excess’
 
(sorb)  
 (µM)b 
LAW
ox 
(aq)/ 
LAW
red 
(aq) 
pH 
E
H,GT-Fe(II)
 
(mV) 
Fe(II)aq 
final 
(µM) 
Electrons 
transferred 
(µM)c 
Fe(II)sorb 
final 
(µM)e 
86.6 34.7 ± 6.6 < 1 34.7 ± 6.6 100.0 61.8 < 1 0.00 6.95 - 939 ± 4.3 192 379 
173.2 87.0 ± 1.5 < 1 87.0 ± 1.5 100.0 70.9 15.3 0.00 6.95 - 853 ± 2.2 316 341 
259.8 149.7 ± 6.6 9.6 ± 3.7 159.3 ± 2.9 94.0 73.9 31.0 0.07 6.81 -173 ± 5.1 782 ± 8.3 439 289 
346.4 180.7 ± 0.7 40.6 ± 0.7 221.2 ± 1.5 81.7 74.6 50.5 0.22 6.80 -156 ± 2.2 705 ± 1.4 511 294 
433.0 188.0 ± 5.2 92.2 ± 2.2 280.2 ± 2.9 67.1 74.8 78.0 0.49 6.76 -143 ± 1.5 640 ± 0.4 526 344 
519.6 197.6 ± 1.5 157.8 ± 2.9 355.5 ± 1.5 55.6 74.9 89.1 0.80 6.77 -137 ± 1.2 638 ± 1.1 545 327 
692.8 209.4 ± 7.4 316.4 ± 5.2 525.8 ± 2.2 39.8 75.1 91.8 1.51 6.74 -128 ± 1.1 626 ± 8.7 569 315 
b) GT-Fe(II)+LAWred (III) system (pH = 7.0 ± 0.1; Fe(II)tot, initial = 0.2 mM, Fe(II)sorb, initial ~ 0.2 mM) 
initial added 
LAW
red
 
 
(µM) 
LAW
ox 
(aq) 
produced 
 (µM) 
LAW
red 
(aq) 
remaining 
 (µM) 
LAW
tot
(aq) 
(µM) 
LAW
ox
(aq)/ 
LAW
tot
(aq) 
 (%) 
LAW
red 
(sorb) 
(µM)a 
‘excess’
 
(sorb)  
 (µM)b 
LAW
ox 
(aq)/ 
LAW
red 
(aq) 
pH 
E
H,GT-Fe(II)
 
(mV) 
Fe(II)aq 
final 
(µM) 
Electrons 
transferred 
(µM)d 
Fe(II)sorb 
final 
(µM)f 
31.3 < 1 < 1 < 1 -  31.3 < 1 - 7.14 - 3.7 ± 0.5 < 1 396 
78.1 7.4 ± 0.4 14.4 ± 0.4 21.7 ± 0.7 33.9 56.4 < 1 0.51 7.12 -173 ± 1.0 8.9 ± 0.4 14.8 406 
156.3 18.9 ± 0.0 72.1 ± 0.0 91.0 ± 0.0 20.8 69.5 < 1 0.26 7.12 -180 ± 2.7 15.2 ± 0.8 37.8 423 
234.4 28.4 ± 0.4 136.9 ± 1.1 165.3 ± 1.4 17.2 73.5 < 1 0.21 7.10 -185 ± 2.1 16.5 ± 0.2 56.8 440 
312.6 39.6 ± 1.1 196.1 ± 0.7 235.6 ± 1.8 16.8 74.9 2.0 0.20 7.12 -191 ± 1.2 21.3 ± 0.9 79.2 458 
390.7 37.5 ± 0.4 275.2 ± 0.7 312.7 ± 1.1 12.0 75.9 2.1 0.14 7.18 -196 ± 0.8 24.8 ± 0.6 75.0 450 
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c) GT+LAWred system (pH = 7.0 ± 0.1; no initial Fe(II) loading) 
initial added 
LAW
red
 
 
(µM) 
LAW
ox 
(aq) 
produced 
 (µM) 
LAW
red 
(aq) 
remaining 
 (µM) 
LAW
tot
(aq) 
(µM) 
LAW
ox
(aq)/ 
LAW
tot
(aq) 
 (%) 
LAW
red 
(sorb)  
 (µM)a 
‘excess’
 
(sorb)  
 (µM)b 
LAW
ox 
(aq)/ 
LAW
red 
(aq) 
pH 
E
H,GT-Fe(II)
 
(mV) 
Fe(II)aq 
final 
(µM) 
Electrons 
transferred 
(µM)d 
Fe(II)sorb 
final 
(µM)f 
150.0 88.5 ± 1.8 13.6 ± 0.4 102.1 ± 1.5 13.3 46.4 < 1 6.52 7.06 -139 ± 0.7 15.3 ± 0.3 177 162 
300.0 118.9 ± 2.2 113.4 ± 3.3 232.4 ± 1.1 48.8 72.5 < 1 1.05 7.02 -160 ± 1.2 27.1 ± 0.1 238 211 
450.0 132.9 ± 0.7 247.1 ± 0.4 380.0 ± 0.4 65.0 75.6 1.4 0.54 6.93 -161 ± 1.9 33.4 ± 1.5 266 233 
a LAWred(sorb) was simulated by eq. (2.1). 
b ‘excess’(sorb) = LAWinitial added – LAWtot(aq) – LAWred(sorb). 
c In GT-Fe(II)+LAWox system, electrons transferred = 2×(LAWred(aq)+LAWred(sorb));  LAWred(aq) concentration was experimental determined and LAWred(sorb) was simulated by eq. (2.1). 
d In GT-Fe(II)+LAWred (III) & GT+LAWred systems, electrons transferred = 2×LAWox(aq);  LAWox(aq) concentration was experimental determined. 
e In GT-Fe(II)+LAWox system, Fe(II)sorb,final = Fe(II)tot, initial – Fe(II)transferred to Fe(III) (electrons) – Fe(II)aq, final. 
f In GT-Fe(II)+LAWred (III) & GT+LAWred systems, Fe(II)sorb,final = Fe(II)tot, initial + Fe(II)produced from Fe(III) (electrons) – Fe(II)aq, final. 
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The correlation between the EH,GT-Fe(II) values and the amount of transferred electrons, final 
sorbed Fe(II) concentration and sorbed LAWred is shown in Figure 2.6. There is a strong 
correlation between EH,GT-Fe(II) and the amount of transferred electrons for the three type of 
experiments (Figure 2.6a), following the expected effect: lower EH,GT-Fe(II) for the higher 
amounts of sorbed Fe(II). In the case of GT-Fe(II)+LAWox, a transfer of electrons translates 
into a loss of ferrous iron in the system, therefore the slope is positive. For the 
GT-Fe(II)+LAWred (III) case (low Fe(II) initial loading) the hydroquinone is oxidized, 
resulting in more Fe(II) with increasing amounts of transferred electrons. The same situation 
applies for GT+LAWred, presenting both a negative slope. 
The effect of sorbed Fe(II) on the potential is not as clear (Figure 2.6b); a more reducing 
potential is obtained with more sorbed Fe(II), valid from a concentration around 300µM. 
However, for lower sorbed Fe(II) concentrations no correlation between these factors occurs 
between the redox potential and the amount of sorbed LAWred (Figure 2.6c). 
 
Figure 2.6. Correlation between EH,GT-Fe(II) and electron transfer (a), Fe(II)sorb,final (b) and 
LAWred(sorb) (c) under various experimental conditions.  
 
It is worth mentioning that the estimated redox potentials are valid for the reported pH and 
Fe(II) loading of each system (i.e. they are conditional values). As sorption of Fe(II) and 
quinone as well as the redox potential of the quinone are pH-dependent: an increase in pH 
would cause higher sorption of Fe(II) and lower sorption of quinone/hydroquinone to the 
mineral surface. 
 
 
Chapter 2. Effects of Sorbed Quinone/Hydroquinone on Electron Transfer 
40 
 
Due to the high redox buffer intensity of goethite-Fe(II) systems, the quinone/hydroquinone 
redox couple can be utilized for tracing the apparent reduction potential of ferrous iron at the 
goethite surface. Orsetti et al. reported a reduction potential of goethite/Fe(II) (EH,GT-Fe(II)) at 
pH = 7 of approximately –170 mV vs SHE based on the speciation of the non-sorbing 
quinone AQDS.27 However, as listed in Table 2.4, the apparent reduction potentials of the 
goethite-Fe(II)-(hydro)quinone surface evaluated by measuring dissolved lawsone redox 
couples are close to those obtained from AQDS speciation in the presence of similar amounts 
of electrons transferred. By comparison with EH measurements using the non-sorbing quinone 
AQDS we conclude that the presence of sorbed quinone/hydroquinone does not significantly 
alter the redox potential of the goethite/goethite-Fe(II) surface.  
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Table 2.4. EH values determined from quinone/hydroquinone speciation of AQDS (non sorbing) and Lawsone (sorbing) at apparent equilibrium 
with goethite or goethite-Fe(II) systems. 
 
                     
Quinone 
System 
AQDS (without sorption) Lawsone (with sorption) 
 
Initial added 
quinone   
(µM) 
Electrons 
transfer 
(µM) 
E
H,GT-Fe(II)
 
(mV) 
Initial added 
hydroquinone 
(µM) 
Electrons 
transfer 
(µM) 
E
H,GT-Fe(II)
 
(mV) 
GT-Fe(II)+Quinone 
(pH = 7.0 ± 0.1; Fe(II)tot, 
initial = 1.5 mM, Fe(II)sorb, 
initial = 0.5 mM) 
500 498 -170 ± 2 260 439 -173 ± 5.1 
GT+Hydroquinone       
(pH = 7.0 ± 0.1; no initial 
Fe(II) loading) 
200 360 -169 ± 0.7 450 266 -161 ± 1.9 
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2.4 Environmental Significance 
 
This work aims at providing a mechanistic basis for predicting interfacial redox processes of 
natural and anthropogenic compounds at iron minerals in the presence of organic coatings.  
The naphthoquinone lawsone, a sorbing analogue for redox active natural organic matter, 
showed a complex sorption behavior at goethite depending on its redox state as well as the 
amount and distribution/speciation of Fe(II) at goethite. Sorption of the hydroquinone species 
(LAWred) is consistent with surface-complex formation involving Fe(II) and Fe(II)/Fe(III) 
surface sites at goethite. 
Our findings demonstrate that the thermodynamics of reversible electron transfer between 
redox active sites at the mineral-water interface and dissolved reactants appears to be 
unaffected by the presence of quinone coatings of the surface. The sorbing model quinone 
lawsone showed reversible electron transfer with both ferric and ferrous sites at 
Fe(II)/goethite, in line with earlier studies on non-sorbing AQDS, an effective electron 
transfer mediator that does not significantly accumulate at the mineral-water interface.27 
While the present study focused on the thermodynamics in quinone/goethite/Fe(II) systems, 
sorption of quinones or natural organic matter may influence the pathways or kinetics of 
electron transfer which needs to be further studied. As in natural organic matter the abundance 
of redox active quinones is low compared to non-redox active ligands, ongoing work 
evaluates the significance of the quinone-mineral interactions described here to electron 
transfer across the NOM-iron mineral/water interface.  
 
 
  
 
 
Chapter 3 
 
 
 
Effects of Sorbed Natural Organic Matter (NOM) on 
Electron Transfer at Goethite/Fe(II) Interfaces 
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Abstract 
 
Iron mineral, Fe(II) and dissolved organic matter are ubiquitously present in the soil and 
groundwater. The sorptive interactions of organic matter with iron mineral have been widely 
reported. However, studies with iron mineral-Fe(II) systems have been little understood yet to 
our knowledge. Thus, the overall goal of this study is to investigate the sorption and electron 
transfer process of organic matter in anoxic goethite-Fe(II) system using Aldrich humic acid 
(AHA) as model compound. We conducted batch experiments in suspensions containing 
goethite, Fe(II) and AHA under oxic and anoxic conditions. Our results indicated that the 
presence of associated Fe(II) at goethite surface can significantly enhance the sorption of 
redox-active organic matter depending on its redox state such as untreated and 
electrochemically reduced AHA. Also, the presence and amount of aqueous Fe(II) in the 
goethite-Fe(II) system may also alter the sorption of AHA. Furthermore, it was concluded by 
the sorption isotherms that sorption of AHA on goethite in the absence of sorbed Fe(II) was 
not affected by its redox state. On the other side, redox reaction between humic acid and iron 
mineral-Fe(II) was expected to be favourable since the redox potential (EH) of goethite/Fe(II) 
system was negative enough to reduce the untreated humic acid with more positive EH values. 
Consequently, the sorption and electron transfer process may cause remodelling of the 
mineral-water interphase and thus may affect electron transfer process in the anoxic aquifer. 
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3.1 Introduction 
 
In the recent years, a substantial amount of research has been devoted to demonstrate the 
importance of Fe(II) associated with solid phases in reductive transformation of organic and 
inorganic pollutants and microbial process in soils and groundwater.2, 3, 11, 25, 27, 28, 35, 56, 74 A 
common conclusion of these studies is that the mineral bounded Fe(II) is much more reactive 
than the dissolved Fe(II), because sorption of Fe(II) on iron mineral enhances its reducing 
ability with a lower standard redox potential.13 And, the conditional reducing potential of 
reactive ferrous iron sorbed on goethite has been reported around -170 mV vs SHE, by 
employing non-sorbing quinone as redox probes. 27, 56  
Humic substances, such as humic acid (HA), are redox-active natural organic matter in the 
environment. The redox reactivity of HA has been ascribed to quinone/hydroquinone 
moieties.45, 52  Due to the potentially reactive functional groups rich in the structure, humic 
acid may act as an electron mediator in heterogeneous chemical and microbial processes.2, 7, 8, 
10, 12, 42  Additionally, humic substances cover a wide range of redox potentials. Recent 
electrochemical studies have reported the apparent reduction potential (EH
0) of HA of -0.3 to 
0.8 V vs SHE at neutral pH.36, 45  Thus, it is plausible for the redox reaction between 
associated Fe(II) at goethite surface and HA at neutral pH condition, due to their redox 
potential difference. 
Apart from the redox property of humic acid, it is also a major sorbent present throughout 
ecosystems. HA has the ability of forming complexes with metal cations, such as Pb(II), 
Cu(II), Fe(II)/Fe(III) and As(III),82-87 which has been investigated to a great extent, typically 
through IR spectroscopy studies and modelling simulation.86, 88-91  Furthermore, the transport 
of humic acid in the subsurface is influenced strongly by its interaction with solid surfaces.18, 
21, 36, 37, 46, 60, 92 Consequently, the mineral components in soil can associate to humic acid 
forming organic-mineral mixture compounds by various kinds of interactions: hydrophobic 
bonding, electrostatic interactions, hydrogen bonding, ligand exchange and so on.17-19, 21, 46  
The fractions of HA rich in carboxyl and aromatic functional groups are preferentially 
adsorbed through the surface complexation-ligand exchange mechanism by iron oxide 
surfaces at low pH conditions.21, 46  While sorption of HA to iron oxides under oxic condition 
has been widely studied, the sorption capacity of iron mineral associating with reducing 
species such as ferrous iron has been little investigated yet. The presence of organic sorbent is 
likely to modulate the reactivity of surface-bound Fe(II) species in aqueous systems as 
chemical environments, due to the functional groups and arrangement of organic ligands 
which may strongly affect the redox potential of adsorbed Fe(II) at mineral surface. The 
formation of reactive Fe(II) surface sites as well as organic matter-iron mineral interactions 
are highly sensitive to the type of organic matter and environmental conditions. We studied a 
ternary humic acid-ferrous iron-mineral system to mimic an important aspect of geochemical 
complexity of natural groundwater systems.  
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For a comprehensive understanding of electron transfer processes in organic matter-Fe(II) 
iron mineral systems, a systematic investigation of organic matter interaction with bound iron 
minerals in the presence of Fe(II) at various environmentally relevant conditions were 
conducted. In this study, commercial Aldrich humic acid (AHA) is introduced as a 
representative for natural organic matter during the course of proposed batch experiments. 
The overall goals of this research are: i) to quantitatively evaluate sorption isotherms for 
nonreduced and electrochemically reduced NOM on Fe(II)-iron mineral interface as well as 
iron mineral at neutral pH condition; ii) to evaluate the electron transfer process in the 
heterogeneous Fe(II)/iron mineral systems by the input of organic matter; iii) to establish a 
possible conceptual mechanistic model for electron cycling and reaction pathways between 
iron minerals, Fe(II) and NOM by the comparison of sorption and electron transfer processes 
of Aldrich humic acid with model quinone compounds lawsone in my previous study.93  
 
3.2 Materials and Methods 
 
Chemicals. Hydrochloric acid (HCl), boric acid (H3BO4) and zinc chloride (ZnCl2) were 
acquired from Merck. Potassium chloride (KCl), acetic acid ammonium salt (NH4COOCH3, 
98%) and Ferrozine (98%) were acquired from Acros Organics. Aldrich humic acid (Humic 
acid, Sodium salt) was purchased form Aldrich. Diquat dibromide monohydrate (DQ) was 
acquired from Fluka and 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) 
diammomonium salt (> 98%, ABTS) was purchased from Sigma. All aqueous solutions were 
prepared with Millipore water. Goethite (ɑ-FeOOH, Bayferrox 920Z) was received from 
LANXESS; specific surface area (N2-BET) = 9.2 m
2/g; pHpzc = 6.5.35 
Fe(II) stock solution (0.5 M in 1M HCl) was prepared according to Bucholz et al.35 Zn(II) 
stock solution (0.5 M) was prepared by dissolving ZnCl2 powder into Millipore water. 
Preparation of GT, GT-Fe(II) and GT-Zn(II) Stock Suspensions. Goethite suspensions 
with a final goethite concentration of 100 m2/L were prepared in a serum glass bottle. The 
detailed preparation procedures of goethite (GT) and GT-Fe(II) stock suspensions were 
described by Orsetti et al.27  
To prepare GT-Zn(II) samples the goethite suspension was purged with N2 and then 
transferred into the glovebox, adjusting its pH to 7.0 ± 0.1 with NaOH or HCl. Zn(II) was 
added from the stock solution into this suspension under continuous stirring, achieving a final 
total Zn(II) of approximately 3 mM followed by pH readjustment to 7 and equilibrium for 
three days. 
Aldrich humic acid stock (AHA) solution. According to their redox states, AHA solutions 
can be termed as untreated (AHAuntre), reduced (AHAred) and reoxidized Aldrich humic acids 
(AHAreox). AHAuntre stock solutions were prepared by dissolving AHA into Millipore water, 
centrifuging and filtering through 0.45 µm membrane filter (mixed cellulose ester, Whatman). 
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AHAred stock represents the solutions that were reduced by Direct Electrochemical Reduction 
(DER) method, detailed shown later. The reoxidized solution (AHAreox) from previous 
reduced AHA was exposed to air by opening the bottle and stirring for one day to reoxidize it 
outside the glovebox.  
Electrochemical Reduction and Quantification.  AHAred stock solution (160 ml) was 
prepared by the Direct Electrochemical Reduction (DER) of AHAuntre stock in the presence of 
0.1 M KCl, which was performed in the anoxic glovebox using a 200 ml bulk electrolysis cell, 
an Ag/AgCl reference electrode, a glassy carbon working electrode and a platinum-wire 
counter electrode.36 A reduction potential of -0.8V vs SHE was applied with an Autolab 
PGSTAT101 instrument (Metrohm, Germany) and also pH was controlled between 5 and 7 by 
titrating with HCl discontinuously during the course of the reduction. The reduction was 
monitored by following the Electron Donator Capacities (EDC) of AHA in time and it was 
considered finished when no significant change was detected by Mediated Electrochemical 
Oxidation (MEO, details see Supporting Information).36, 54 The final pH was readjusted to 7 
with NaOH for further experiments.  
Sorption experiments. All oxygen-susceptible procedures and experiments were carried out 
in the anoxic glovebox (Braun, Germany, 100% N2). Eight batch experiments were conducted 
to survey: i) effect of Fe(II) on the sorption of untreated and electrochemically reduced AHA 
at goethite-Fe(II) interface; ii) possible change on sorption of AHA to goethite altered by the 
redox states of AHA; iii) electron transfer reaction between humic acid and Fe(II)-goethite. 
The detailed initial conditions and compositions are listed in the Table 3.1. 
The conducted batch procedures were generalized as: aliquots of 25 ml of either GT, GT-Fe(II) 
or GT-Zn(II) stock suspensions were pipetted into 50 ml serum brown bottles. AHAuntre, 
AHAred or AHAreox were equilibrated with these suspensions in a 1:1 dilution, resulting in the 
required initial AHA concentrations and a goethite density of 5.43 g/L respectively. The pH 
was adjusted to 7.0 ± 0.1 with NaOH or HCl. After shaking overnight, the suspensions were 
filtered through 0.45 µm syringe filters and the absorbance spectra of the supernatant were 
recorded using hermetical quartz cuvettes and a UV-Vis spectrophotometer (photoLab 6600, 
WTW, Germany). The total dissolved organic carbon concentration (DOC) of the filtered 
samples was measured. Also, final aqueous Fe(II)/Zn(II) contents were determined. Control 
treatments consisted of homologous goethite suspension and Millipore water. Besides, another 
control system containing AHA and Millipore water was used to check whether the AHA 
concentration was influenced by the filtration process. All batches were prepared in duplicate. 
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Table 3.1. Terminology and compilation of experimental conditions and setups.  
(goethite loading: 50 m2/L; solid density: 5.43 g/L, GT = goethite; AHA = Aldrich Humic Acid) 
Experiment Label Conditions pHa 
Initial Ions loadingb 
Objective 
Fe(II)
aq or Zn(II)aq 
 (mM) 
Fe(II)
tot
 
(mM) 
Fe(II)
sorb
 
(mM) 
GT+AHA
untre
 oxic 7.0 ± 0.1 - - - 
Effect of the redox state of AHA on its sorption  GT+AHAred anoxic 7.0 ± 0.1 - - - 
GT+AHA
reox
 oxic 7.0 ± 0.1 - - - 
GT-Zn(II)+AHA
untre
 anoxic 7.0 ± 0.1 1.26 ± 0.01 1.50 ± 0.01 0.24 ± 0.01 Evaluation of electrostatic component in the sorption 
GT-Fe(II)+AHA
untre (I) anoxic 7.0 ± 0.1 0.91 ± 0.01 1.37 ± 0.01 0.46 ± 0.01 
Effect of Fe(II) loading on AHAuntre sorption and electron 
transfer 
GT-Fe(II)+AHA
untre (II) anoxic 7.1± 0.1 0.047 ± 0.002 0.39 ± 0.01 0.34 ± 0.01 
GT- AHA
untre
 +Fe(II) anoxic 7.1± 0.1 0.84 ± 0.01 1.30 ± 0.01 0.46 ± 0.01 
Effect of Fe(II) addition sequence on AHAuntre sorption and 
electron transfer 
GT-Fe(II)+AHA
red 
 anoxic 7.0 ± 0.1 1.04 ± 0.01 1.56 ± 0.01 0.52 ± 0.01 
Effect of sorbed Fe(II) on AHAred sorption and  
electron transfer 
a no buffer added, pH adjusted by acid and base. 
b initial Fe(II)aq/tot and Zn(II)aq concentration were experimental determined. 
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Fe(II)aq and Fe(II)tot determination. Fe(II) was determined photometrically at 562 nm using 
the ferrozine assay.71  The samples for Fe(II)aq were measured in the filtrate (0.45 μm). 
Fe(II)tot was measured in unfiltered samples after 24 hrs storage in 1M HCl to desorb/extract 
Fe(II) from goethite. It should be noted that the presence of AHA may interfere the Fe(II)aq 
determination by photometric method (details see Supporting Information). Thus the Fe(II)aq 
quantification for the final filtered samples has been corrected considering this interference. 
Also, significant amount of aqueous Fe(II) was detected in the reduced AHA in the range of 0 
to 75 µmol/L, depending on the AHAred concentration (see Table S3.2 in the Supporting 
Information). 
Aqueous Zn(II)aq was measured photometrically at 620 nm after reaction with zincon 
(2-carboxy-2’-hydroxy-5’-sulfoformazylbenzene) as described elsewhere.72 All analytical 
measurements were performed in duplicates. 
AHAaq Quantification. The Dissolved Organic Carbon concentration (DOC) of all the 
dissolved AHA (AHAaq) samples was measured by high TOC Analyzer (Hanau, Germany). 
Sorption Model. A generic Langmuir model is applied to describe the sorption isotherm of 
AHA in goethite/Fe(II) system, shown in following eq.(3.1): 
[𝐴𝐻𝐴𝑖]𝑠𝑜𝑟𝑏 =
𝐾𝐿,𝑖,𝑗 ∙ [𝐴𝐻𝐴𝑖]𝑠𝑜𝑟𝑏,𝑚𝑎𝑥,𝑗 ∙[𝐴𝐻𝐴𝑖]𝑎𝑞
𝐾𝐿,𝑖,𝑗 ∙[𝐴𝐻𝐴𝑖]𝑎𝑞 + 1
                                     (3.1) 
Where, KL,i,j is the Langmuir constant [L/mgDOC] (i:untre/red, j:GT/GT-Fe(II)), [AHAi]sorb, 
max,j is (apparent) uptake maximum [mgDOC/g]; [AHAi]aq is the aqueous concentration of 
LAW [mgDOC/L] and [AHAi]sorb represents the sorbed concentration of AHA [mgDOC/g]. 
All the parameters (KL,i,j as the Langmuir constant [L/mgDOC] (i:untre/red, j:GT/GT-Fe(II) 
and [AHAi]sorb, max,j as (apparent) uptake maximum [mgDOC/g]) by fitting the Langmuir 
model to experimental data are listed in Table 3.2. 
 
3.3 Results and Discussion 
 
3.3.1 Sorption Isotherms of Aldrich Humic Acid  
AHA sorption onto goethite is a complex process, depending on redox states of AHA as well 
as the presence and quantity of the added Fe(II). It is expected that the presence of Fe(II) may 
enhance the sorption of untreated and electrochemically reduced AHA onto goethite. Thus, 
the sorption experiments were operated under various redox condition to verify this 
hypothesis. The collective results are presented in Figure 3.1a. 
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Figure 3.1. (a) Experimental data of Aldrich humic acid sorption to goethite/Fe(II). Data 
points refer to mean values of two independent experiments with error bars representing the 
lowest and highest values. (b) Solid circle shows the experimental data of AHAred sorption to 
GT-Fe(II). Solid Line represents fitting of AHAred sorption results using a Langmuir model 
(eq. 3.1). (c) Solid triangle shows the experimental data of AHAuntre sorption to GT-Fe(II) (I). 
Solid diamonds show the experimental data of AHAuntre sorption in the reverse order of Fe(II) 
addition. Solid Line represents fitting the experimental data of AHAuntre sorption at GT-Fe(II) 
surface (I) using a Langmuir model. (d) Open diamond shows the experimental data of 
AHAuntre sorption to GT-Fe(II) (II). Solid Line represents fitting of AHAuntre sorption at 
GT-Fe(II) (II) system using a Langmuir model. (e) Open square, circle and triangle shows the 
shows the experimental data of AHAuntre, AHAred and AHAreox sorption to GT surface 
respectively. Solid Line represents fitting the experimental data of AHAuntre sorption by using 
a Langmuir model. All the parameters (KL,i,j as the Langmuir constant [L/mgDOC] (i: 
untre/red, j: GT/GT-Fe(II) and [AHAi]sorb, max,j as (apparent) uptake maximum [mgDOC/g]) by 
fitting the Langmuir model to experimental data respectively are listed in Table 3.2. 
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Table 3.2. the Langmuir constant KL,i,j (i:untre/red, j:GT/GT-Fe(II)) and (apparent) 
uptake maximum [AHAi]sorb, max,j  
(GT = goethite; AHA = Aldrich Humic Acid) 
Experiment Label 
KL,i,j  
[L/mgDOC] 
[AHAi]sorb, max,j  
[mgDOC/g] 
R2 
GT+AHA
untre
 0.41 ± 0.05 2.99 ± 0.09 0.99 
GT+AHA
red
 0.86 ± 0.28  3.25 ± 0.17 0.89 
GT+AHA
reox
 1.30 ± 0.28 2.94 ± 0.11 0.95 
GT-Fe(II)+AHA
untre (I) 0.46 ± 0.11 9.16   ± 0.44 0.93 
GT- AHA
untre
 +Fe(II) 0.34 ± 0.05 10.34 ± 0.30 0.98 
GT-Fe(II)+AHA
untre (II) 4.51± 1.11 3.51 ± 0.11 0.94 
GT-Fe(II)+AHA
red
 1.22 ± 0.15 8.04 ± 0.16 0.99 
 
The adsorption isotherm of AHAred on the goethite-Fe(II) surface showed an initial 
steep slope and reached a plateau at approximately 8 mg DOC/g uptake indicating a 
high affinity of reduced AHA to GT-Fe(II) surface sites, illustrated by Figure 3.1b. 
The Langmuir model was well fitted to the sorption data. The experimental results 
showed that the sorbed amount of electrochemically reduced AHA onto goethite in the 
presence of Fe(II) (total 1.5 mM) was double as in the absence of Fe(II) (discussed 
later in detail). Two explanations for the strengthened sorption of reduced AHA to the 
goethite-Fe(II) surfaces are possible. On one hand, electrostatic attraction could be 
responsible for this enhancing sorption behavior. The presence of Fe(II) may lead to a 
less negative or even positive surface charge of GT due to sorbed Fe(II) at neutral pH, 
thus coating with negatively charged moieties in the reduced AHA. On the other hand, 
hydroquinone moieties and catechol-like phenolic groups are expected to be rich in 
the reduced stated of AHA so that these ligands are likely to be preferentially bound to 
the sorbed Fe(II) at mineral surface, forming a ternary goethite-Fe(II)-AHAred surface 
complex. Furthermore, it should be noted when Fe(II) was present with the reduced 
AHA in aqueous solution, no decrease in concentration of aqueous AHAred before and 
after filtration was observed (see Table S3.1 in the Supporting Information).  
Furthermore, when reduced AHA was added into goethite-Fe(II) system, Fe(II)aq 
concentration remains almost constant at approximately 1 mM (Figure 3.2). This 
finding indicates no electron transfer between reduced AHA and GT-Fe(II), as well as 
reduced AHA may not compete with Fe(II) sorption on goethite surface.  
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Figure 3.2. Equilibrium aqueous concentrations of Fe(II) or Zn(II) in goethite 
suspensions under different experimental conditions. Data points refer to mean values 
of two independent experiments with error bars representing the low and high values. 
 
Under oxic conditions (such as ‘GT+AHAuntre’, no Fe(II) present), the adsorption 
isotherm of untreated AHA on goethite at neutral pH followed a Langmuir model 
(Figure 3.1e). Also, this sorption behaviour was found to be pH-dependent (Figure 
S3.7 in Supporting Information). This is consistent with the electrostatic interaction 
and ligand exchange mechanism as observed by Gu et al.21, 46  The surface of 
goethite becomes slightly negatively charged at pH 7 (pHpzc = 6.5), whereas there 
remains a small number of local positive-charged surface sites which are able to 
attract the deprotonated carboxyl or phenolic molecules rich in the humic acid 
structure.  
Due to the possible redox reaction between AHAuntre and bound Fe(II)-goethite 
interfaces, the sorption of AHAuntre to goethite-Fe(II) cannot be evaluated without 
redox reaction (i.e reduction of AHAuntre to AHAred). To avoid this limitation, we 
studied sorption of AHAuntre at GT-Zn(II). Zn(II) was not redox active and mimicked 
the surface charge of goethite-Fe(II) system to investigate the possible electrostatic 
effect in the course of sorption process of untreated AHA. No redox reaction between 
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untreated AHA and goethite-Zn(II) was expected. The obtained sorption isotherm of 
AHAuntre in goethite-Zn(II) system showed a Langmuir shape (Figure 3.1a), but not 
achieving saturation in the concentration range of AHAuntre used here. The sorbed 
amount of humic acid was dramatically higher in the presence of sorbed Zn(II) than in 
its absence. Two possible effects can be considered to explain this significant 
increasing sorption, with regard to the electrostatic interactions and surface complex 
formation of surface associated Zn(II). Firstly, the presence of sorbed Zn(II) reduces 
the negative surface charge of goethite, thus enhancing the electrostatic interaction 
with untreated AHA. Secondly, since Zn(II)aq concentration decreased from 1.2 to 0.8 
mM in the filtered fractions (see Figure 3.2), AHAuntre is supposed to be attracted to 
bound Zn(II) at surface sites forming a ternary goethite-Zn(II)-AHAuntre complex. In 
addition, Zn(II)-AHAuntre complex can be formed as a black precipitation when only 
Zn(II) and AHAuntre are present in aqueous phase. This binary complex was evidenced 
by our control samples and was in agreement with previous studies.89, 94, 95  The 
Zn(II)-AHAuntre complex could bring about the concentration loss of both AHAuntre (5 
mg DOC/L) and Zn(II)aq (60 µM) in the control samples (Table S3.1). Thus, the 
presence of Zn(II)-AHAuntre complex formation can overestimate the sorption of 
AHAuntre onto goethite-Zn(II) system up to 6% in the high added AHAuntre 
concentration (100 mgDOC/L) and 40% in the low one (10 mgDOC/L). As uptake of 
Zn(II) by goethite was much lower than uptake of Fe(II) (0.3 instead of 0.5 mM), 
AHAuntre sorption to GT-Fe(II) is expected to be stronger than GT-Zn(II). However, 
the change of surface charge due to metal sorption is likely different. 
When untreated AHA was added into the goethite-Fe(II) system namely 
GT-Fe(II)+AHAuntre (I), the amount of total sorbed AHA was almost three times 
higher than AHAuntre sorbed in the goethite system (see Figure 3.1c). In this case, both 
specific and non-specific mineral-AHA interactions may be responsible for the high 
adsorption. Firstly, the sorption of ferrous iron makes the goethite surface less 
negative, leading to higher electrostatic attraction with negatively charged moieties in 
the AHAuntre. Secondly, untreated AHA is expected to be reduced to some extent by 
the associated reactive Fe(II) at goethite surface sites (discussed later), leading to 
goethite-Fe(II)-AHAred complexes described by goethite-Fe(II)+AHAred sorption 
isotherm. Thirdly, compared to the isotherm of GT-Fe(II)+AHAred (Figure 3.1b), the 
amount of total sorbed AHA was slightly higher especially when the remaining 
aqueous concentration of AHA was above 40 mgDOC/L. It is likely that the 
nonreduced moiety of untreated AHA (AHAnonred) may form surface complexes with 
goethite-Fe(II) (goethite-Fe(II)-AHAnonred). Thus, these findings suggest that the 
presence of sorbed Fe(II) could reinforce the sorption of AHAuntre to goethite.  
However, sequence of Fe(II) addition is supposed to influence the sorption of AHAuntre 
to goethite, since AHA can be bounded to the mineral, resulting in the decline of Fe(II) 
sorption to goethite surface. To prove this, AHAuntre was firstly spiked onto goethite 
by shaking the suspension overnight followed by the addition of Fe(II) into this 
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GT-AHAuntre system which was allowed to equilibrate for two days. In this case, the 
obtained isotherm matched almost with the condition of GT-Fe(II)+AHAuntre (I), 
shown in Figure 3.1c. Thus, the experimental evidence hints that the sequence of Fe(II) 
addition does not alter the sorbed amount of AHAuntre to goethite-Fe(II) system.  
Furthermore, amount of Fe(II) loading is also considered as another impact factor to 
alter the sorption of untreated AHA on goethite-Fe(II) surfaces. In this setup 
(GT-Fe(II)+AHAuntre (II)), the initial total added Fe(II) concentration was only 0.4 
mM instead of 1.5 mM and most of them were adsorbed at goethite surface (see Table 
3.1). Consequently, the total sorbed amount of untreated AHA in the goethite-Fe(II) 
system with this relatively low Fe(II) loading was only halved compared to it in the 
reference goethite-Fe(II) (I) system, but still 17% higher than it in the goethite system 
with the absence of initial Fe(II) loading, shown in Figure 3.1d. This observation 
suggests that the sorption of untreated AHA on the goethite surface can be 
significantly altered by the amount of reactive Fe(II). The most possible explanation 
is that in the case of high Fe(II) loading (1.4 mM), the amounts of electrons transfer 
from AHAuntre to AHAred are expected to be higher than low Fe(II) loading (0.4 mM) 
due to the regeneration of Fe(II)-sites at goethite after oxidation by re-adsorption of 
Fe(II) from solution. This Fe(II) re-adsorption process may increase the binding sites 
at goethite surfaces for AHA sorption. In conjunction with the previous results, we 
provided first evidence to support that the sorption of untreated AHA to goethite 
seems to present positive correlation with the initial ferrous iron loading to the iron 
mineral system at neutral pH condition, within a certain range of initial Fe(II) addition 
in our study (0-1.4 mM). 
Besides of the added Fe(II) into goethite system, sorption of humic acid on goethite 
may also be influenced by the redox states of humic acid. Therefore, the experiment 
was designed by spiking electrochemically reduced AHA into goethite system without 
any initial Fe(II). The obtained sorption isotherm of AHAred on goethite surface was 
almost identical to AHAuntre (Figure 3.1e). This finding is consistent with the 
conclusion of Bauer and Kappler that reduced and untreated AHA does not present 
significant changes in the sorption behavior on iron mineral with respect to the redox 
state of humic acid.60 It further suggests that the changes in the chemistry and spatial 
structure of AHA under reduced states (such as more phenolic or hydroquinone 
moieties produced) may not remarkably alter the sorption interaction between AHA 
and the iron mineral surfaces. In addition to AHA, an enhanced reductive dissolution 
of Fe(III) minerals by organic solutes such as humic substances may promote the 
formation of Fe(II) since it has been reported that goethite can be reduced by AHAred 
with a maximum of 55-60 µeq/(g HA).60  This little amount of Fe(II) can be 
adsorbed on the goethite, resulting in the formation of reactive Fe(II) species at 
surface sites or mineral surface remodeling. However, the presence of Fe(II) in minor 
quantity is not expected to affect specific interaction of AHA moieties with iron 
mineral interfaces. 
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Finally, reoxidized AHA interaction with goethite was operated to determine its 
sorption ability to goethite, the observed sorption isotherm was the same as AHAuntre 
(Figure 3.1e). It is predictable that reoxidized and untreated AHA reveal similar 
sorption ability to goethite although their fractions of redox-active functional groups 
may vary, as previous studies have been shown that the reducing and oxidation 
cycling of humic substance is not reversible since O2 was not able to fully reoxidize 
chemically (H2/Pd) and electrochemically reduced humic substance.
36, 60 Therefore, 
our sorption dataset indicates that untreated, electrochemically reduced and reoxidized 
humic acid may not affect its sorption onto the goethite.  
 
3.3.2 Sorption Comparison of Model Quinone and Humic Acid on 
Goethite/Fe(II) Interfaces 
Within humic substances, quinone/hydroquinone structures are considered as the 
major redox active moieties,10, 52 but also complexes iron metals and are responsible 
for their sorption ability to the iron mineral as it affects the abundance and type of 
phenolic functional groups (OH).57, 96, 97 Catechol-like quinone such as 
2-hydroxy-1,4-naphthoquinone (lawsone) has been proved to participate in the 
electron transfer at the goethite-Fe(II) interfaces, as well as to be adsorbed onto 
goethite-Fe(II) surfaces.93 Here, the sorption dataset of AHA was compared with the 
obtained sorption isotherm of this specific naphthoquinone lawsone under same 
conditions,93 to reveal the relative sorption ability contribution of 
quinone/hydroquinone moiety by electrostatic and specific interactions to Fe(III)/Fe(II) 
system within humic acid structure.  
Comparison of these sorption dataset revealed that surprisingly the sorption behaviour 
of lawsone on the goethite/Fe(II) surfaces is quite similar to that of AHA (Figure 3.3), 
despite of the strong discrepancy in the sorption ability between lawsone and AHA. 
On one hand, the presence of reactive Fe(II) significantly enhancing the sorption of 
oxidized and reduced lawsone (LAWox/LAWred) at goethite surface is analogous to 
AHA. Non-specific and specific goethite-Fe(II)-lawsone/AHA interactions are 
responsible for it.93 On the other hand, the amount of sorbed AHA to goethite/Fe(II) 
surfaces is three times higher than lawsone compound, since a large number of 
reactive functional groups such as phenol and carboxylic acid are rich in humic acid 
structure besides of quinone/hydroquinone moiety. These reactive moieties could be 
attracted by the adsorption sites at Fe(II)/Fe(III) surfaces.57, 78, 98 Also, electron 
transfer reactions between organic matter (e.g. lawsone/humic acid) and goethite-Fe(II) 
interfaces are expected to be favourable (discuss later), even though quinone/humic 
acid are adsorbed to goethite. Thus, we suggest that sorption of the organic matter 
such as quinone and humic substances is in agreement with surface-complex 
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formation involving Fe(II) surface sites as it is affected by the abundance and type of 
reactive Fe(II)-sites at goethite as well as the re-formation of such sites after oxidation 
by continuous adsorption of aqueous Fe(II).93 
 
Figure 3.3. Comparison of Sorption behaviors of Aldrich humic acid with model 
quinone lawsone on goethite-Fe(II) interfaces under different redox conditions at 
neutral pH. Lawsone sorption dataset is sourced from Xue et al.93 
 
3.3.3 Electron Transfer Reaction between Goethite/Fe(II) System and 
Aldrich Humic Acid  
The electron transfer process in heterogeneous goethite-Fe(II) interfaces may be 
influenced by the reactivity of sorbed Fe(II) and the redox species of sorbing organic 
matter in the system. Unfortunately, it should be noted that the redox speciation of 
AHA in final filtered samples as well as at surface sites could not be experimentally 
determined, since the aqueous speciation of AHA was not possible to be distinguished 
between untreated and reduced states by UV-Vis and Fluorescence spectroscopic 
study (details see Figure S3.1 and S3.2 in the Supporting Information), consistent 
with the findings of Maurer et al.99  Also, the redox speciation of AHA in our final 
filtered samples could not be determined by electrochemical technique due to the 
presence of aqueous Fe(II). Thus, the electron transfer across the goethite-Fe(II) 
surface was investigated in the angle of the difference of redox potential between 
Fe(II) associated with goethite and dissolved humic substance, as well as detectable 
Fe(II)aq concentration in the filtered fractions. 
GT-Fe(II)+AHAuntre (I). Untreated AHA was expected to serve as electron acceptor 
during the interaction with goethite-Fe(II) reference system (initial Fe(II) loading 1.5 
mM). The extension of electron transfer from bound Fe(II) to untreated AHA depends 
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mainly on the delta value of the redox potential (EH) between the electron donator and 
acceptor. As previously reported by Orsetti et al,27 the apparent reduction potential of 
goethite-Fe(II) system at neutral pH was estimated around -170 mV vs SHE (standard 
hydrogen electrode) on the basis of the equilibrium aqueous speciation of non-sorbing 
quinone AQDS.27 Similarly in our previous study using the sorbing quinone lawsone 
speciation as redox probe, the reduction potential EH of goethite/goethite-Fe(II) 
interfaces in the range of -127 to -173 mV vs SHE,93 is not significantly influenced by 
sorption of quinone/hydroquinone. Meanwhile, a number of redox potential values of 
humic substances (HS) have been experimentally determined and reported ranging 
from -300 mV to +800 mV (chemically, Pd/H2)
61, 62 or -300 to +150 mV 
(electrochemical method).45  Therefore, EH of goethite/Fe(II) system might be 
negative enough to reduce AHAuntre with more positive EH values. 
Furthermore, an electron balance between the reducing adsorbed Fe(II) and untreated 
AHA can be roughly estimated, on the basis of the Electron Accepting Capacity (EAC) 
of AHAuntre and the Fe(II)aq loss in the filtered fractions. The EAC values of untreated 
AHA were electrochemically detected by Mediated Electrochemical Reduction (MER, 
details see Supporting Information) and are listed in Table S3.2 in the Supporting 
Information. The EAC values of untreated AHA in our study was 3.19 ± 0.3 µmol 
e-/mgDOC, which was slightly higher than the ones reported in literature: 1.9 to 2.5 
µmol e-/mgDOC.36, 100 The electron accepting properties of HA has been ascribed to 
quinone moieties.36, 101 To estimate their contribution to the EAC of our AHAuntre, 
using data from Aeschbacher et al, the content of quinones in untreated AHA was 
counted within the range of 8 to 200 µmol e-/L, assuming that all reversible sites of 
electrons transferred within AHAuntre were derived from redox-active quinone.
36, 100 
This value could explain the maximum accepted electrons for AHAuntre across the 
goethite-Fe(II) interface. Linking to the measured Fe(II)aq concentration of filtered 
samples declining 0.2 mM with the amount of the untreated AHA addition increasing 
(Figure 3.2), it act as an indirect indicator to verify the oxidation of sorbed Fe(II) to 
Fe(III) by untreated AHA in the occurrence resulting in the re-adsorption process of 
aqueous Fe(II). It is worthwhile mentioning that the concentration of sorbed Fe(II) 
could not be directly measured since a large quantity of humic acid are bound to 
GT-Fe(II) surfaces, enhancing the difficulty of desorbing Fe(II) completely at surface. 
Furthermore, the decline trend of Fe(II)aq of filtered fraction in 
goethite-Fe(II)+AHAuntre (I) system, is also consistent with the case in 
goethite-Fe(II)+LAWox system (Fe(II)tot = 1.5 mM), shown in Figure 3.4. It provided 
the evidence that quinone moiety within HA can play an important role in the redox 
active interaction with bulk reductant such as associated Fe(II) at iron mineral surface.  
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Figure 3.4. Comparison of final Fe(II)aq dataset of filtered samples after Aldrich 
humic acids and quinone lawsone interaction with on goethite/goethite-Fe(II) system 
at neutral pH. Fe(II)aq dataset of Lawsone sorption experiment comes sourced from 
Xue et al. 93 
 
GT-AHAuntre+Fe(II). In the case of reversing the order of Fe(II) addition, reduction of 
AHAuntre by associated Fe(II) at goethite surface is foreseeable. However, the amount 
of electron transfer in this setup is expected to be lower than the reference 
goethite-Fe(II) system, since Fe(II) sorption to goethite surface may become weaker 
due to the first step of AHAuntre binding to goethite. It was also indirectly evidenced 
by the results of Fe(II) concentration in the filtered samples declining from 850 to 750 
µM with the increase of untreated AHA addition. The declining values 100 µM were 
observed smaller than 200 µM in the reference system (shown in Figure 3.2). Thus, it 
demonstrates that the initially AHA sorption to goethite may lead to a relatively lower 
reducing capacity of goethite-Fe(II) surfaces. 
GT-Fe(II)+AHAuntre (II). When initial Fe(II) loading to goethite system was one 
quarter as the reference goethite-Fe(II) system (initial total 0.4 mM), small amount of 
Fe(II) (50 µM) remained in aqueous phase before untreated AHA was added. We 
expected the reduction of untreated AHA by sorbed Fe(II), however, to a limited 
extent compared to the reference goethite-Fe(II) system. The results of Fe(II) 
quantified in the filtered samples showed that Fe(II) concentration initially declined 
from 50 µM to 7 µM, then climbing to 114 µM with the increase of untreated AHA 
addition (see Figure 3.2). This observation may be explained by two-stage reactions: 
initially oxidation of sorbed Fe(II) by untreated AHA, leading to a newly aqueous 
Fe(II) re-adsorption process; Then either untreated AHA or partially reduced AHA 
binds to associated Fe(II) on goethite surfaces, carrying it into the aqueous phase.  
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GT+AHAred. The oxidation of AHAred by Fe(III) associated to goethite (i.e. ‘backward’ 
reaction) was investigated by adding electrochemically reduced AHA into goethite 
suspension without initial added Fe(II). Bauer et al has reported that chemically 
reduced AHA by Pd/H2 has the ability to reduce Fe(III) associated with goethite to 
Fe(II) since the redox potential of reduced AHA was negative enough to reduced 
Fe(III) mineral with very positive EH values.
60 Also it has been reported that the 
reduction of goethite mineral occurs with a maximum amount of electron to 0.3 µmol 
e-/mgDOC.60 Using this data for our calculation in this experiment, freshly produced 
Fe(II) by reduction of Fe(III) was estimated within a range of 1.5 to 30 µmol/L 
corresponded to our reduced AHA added. Combining the results of measured aqueous 
Fe(II) concentration of filtered samples climbing from 0 to 30 µmol/L, it fully 
matches with the amount of the electrons transfer from reduced AHA to Fe(III). 
Additionally, compared to the data of Fe(II) concentration in the filtered samples 
when reduced lawsone compound interacted with goethite (see Figure 3.4), similar 
rising trend was observed after both AHAred and reduced lawsone addition into 
goethite system. It suggested that hydroquinone moiety within reduced AHA can be 
mainly responsible for the electrons transfer during the interaction with iron mineral. 
 
3.4 Environmental Significance 
 
The interaction between organic matter and heterogeneous Fe(III)/Fe(II) systems is 
predominantly composed of sorption and electron transfer processes. Our results 
indicated that electrochemically reduced humic acid may not alter the sorption 
behavior on the iron mineral compared to the untreated and reoxidized one. However, 
the presence of associated Fe(II) at goethite surface can strongly enhance the sorption 
behavior of redox-active organic matter dependent on its redox state such as untreated 
and reduced humic acids. Also, the amount of aqueous Fe(II) in the goethite-Fe(II) 
may significantly alter the sorption behaviour of untreated humic acid. Additionally, 
redox reaction between humic acid and iron mineral/Fe(II) was favourable relying on 
the big gap between the redox potential of Fe(III) mineral-Fe(II) surfaces and 
dissolved humic acid. Consequently, the sorption and electron transfer process may 
cause remodelling of the mineral-water interphase and thus may affect electron 
transfer process in the anoxic aquifer, illustrated by Figure 3.5. 
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Figure 3.5. Scheme of possible interactions between NOM and iron mineral (goethite) 
in the presence of Fe(II). 
 
Furthermore, it is highlighted that quinone/hydroquinone compound representing 
important structural and functional properties of natural organic matter 
macromolecules, shows similar trend in sorption and electron transfer process at the 
associated Fe(II)-mineral interfaces as humic substance. Our results also provide the 
evidences to explain the findings that quinone/humic substance especially at high 
concentrations can inhibit the reduction of organic pollutant such as nitrobenzene and 
carbon tetrachloride in the associated Fe(II) mineral systems,2, 12 as electron transfer 
and sorption process of organic matter may consume the redox reactivity of 
mineral-Fe(II) interfaces. 
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Abstract 
 
Insights regarding the adsorption mechanisms of quinone interactions with iron minerals can 
improve our understanding of the fate and transport of such molecules in the environment. 
However, an identification of the bonding mechanism at molecular level is still missing in the 
literature and will be addressed in this study for the adsorption process of quinone/humic acid 
at the goethite/aqueous interface. UV-Vis analysis in conjunction with in situ flow cell 
measurements of Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) 
spectroscopy were used to explore the adsorption mechanisms. 2-Hydroxy-2, 
4-naphthoquinone (lawsone) was chosen as model quinone as well as 1,2-dihydroxybenzene 
(catechol) for comparison and validation for the ATR-FTIR flow through setup. Our UV-Vis 
spectroscopic results have shown that the spectra of aqueous lawsone were identical to the 
one of dissolved Fe(II)-lawsone mixtures, suggesting Fe(II)-lawsone complexes are not 
formed to a significant extent in the aqueous phase. Also, the ATR-FTIR results proved 
negligible sorption of oxidized lawsone on goethite/water interfaces in the absence of Fe(II). 
On the other hand, the ATR-FTIR experimental setup was validated using catechol that forms 
bidentate surface complex at goethite as studying the characteristics, proved in the literature. 
Furthermore, the ATR-FTIR technique was applied for surface interactions between goethite 
and humic substances to the sorption mechanism. Comparison of ATR-FTIR spectra obtained 
for adsorbed and dissolved Aldrich Humic Acid (AHA) indicated that carboxyl and phenol 
functional groups in AHA were responsible for sorption to goethite. Overall, our results 
suggest that sorption of quinones and humic substances were to goethite is due to both 
electrostatic attraction and surface complexation.  
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4.1 Introduction 
 
Interactions between iron and quinone moiety have been reported in several important 
biochemical systems and environmental phenomena, including electron-transport chains 
involved in photosynthesis and respiration, nutrient acquisition, as well as mineral weathering, 
and pollutant reduction.68-70, 73, 96, 102 In view of the importance of quinone-iron complex, 
apparently a large number of research has been done to characterize iron complexes with 
quinone, semiquinone or hydroquinone ligands.69, 70, 96, 97, 102 Catechol and its structure-like 
molecules are an important class of hydroquinones/quinones in the environment. These 
hydroxyaromatic compounds are highly reactive with aqueous iron and readily associated 
with iron oxides mineral. 
In aqueous phase, catechol can form complex with both Fe(II) and Fe(III). Several types of 
complexes have been described which can be classified as binary complexes and ternary 
complexes. On one hand, since early 1980s, it was noted that catechol reacts with Fe(II)/Fe(III) 
to form the binary complex (metal:ligand = 1:1)75, 77 and it has been reported that the stability 
constants of Fe(III)-catechol complexes can be examined by potentiometric and spectroscopic 
methods.76, 103 On the other hand, Cox et al described ternary complexes between a protein 
(enzyme), Fe(III) and catechol, reporting binding constants and spectral properties.104 They 
also investigated the effects of different polydentate model ligands (mimicking binding sites 
of Fe(III) at the protein) on the properties of the ternary complexes with catechol 
(protein-Fe(III)-catechol).  
Furthermore, surface complex formation between catechol and iron mineral has been widely 
investigated. The hydroxyaromatic compound has been reported to be readily adsorbed onto 
the iron oxides.46, 105 Fourier transform infrared (FTIR) spectroscopic measurements have 
suggested that catechol binds predominantly as inner-sphere complex on Fe2O3 in a 
mononuclear monodentate configuration at pH < 5 and a mononuclear bidentate at pH > 5.58  
Additionally Yang et al57 has indicated that catechol adsorbed on goethite in mononuclear 
monodentate and binuclear bidentate chelates at pH 5 to 9. 
Another nathoquinone to our interest is 2-hydroxy-2,4-naphthoquinone lawsone, representing 
naturally occurring catechol-like molecule. It is worthwhile to note that it can provoke many 
biological activities through the chelating of metals.65-70  Similar to catechol-iron aqueous 
complexes, Lawsone (LAW)-metal complexes seem also to be separated as binary complexes 
and ternary complexes. Concerning binary complex, it has been investigated that 
Fe(II)-lawsone complex [FeII(Lawsone)2(H2O)2] can be chelated by the mixture of lawsone 
and FeSO4∙7H2O in methanol and Mössbauer and EPR spectroscopic data was also reported.66 
It has also been described that ferrous/ferric complexes of hydroxynathoquinone (lawsone and 
juglone) are highly cytotoxic to rat hepatocytes.65, 106 In addition, it has been published about 
ternary complexes of lawsone, reporting the electrochemical properties for a series of lawsone 
and pyridine (Py) complexes with different metallic ions - Ni(II); Co(II), Zn(II)-symbolized as 
[Metal(II)(lawsone)(Py)2] by cyclic voltammetry and spectroelectrochemical-Electron Spin 
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Resonance experiments.107 However, little is known about the aqueous complex formation of 
lawsone and iron (LAW-iron) in water solution especially the reduced state of lawsone 
(LAWred) with iron, since it is consisted of catechol-like-OH functional groups.  
Previously, we reported that oxidized and reduced state of lawsone (LAWox/red) can be 
adsorbed onto the goethite-Fe(II) interfaces.93 However, no clear bonding mechanism of 
adsorbed LAWox/red has been recognized. It seems plausible that ternary complexes may form 
in our goethite systems. Similar to the protein-Fe(III)-catechol complex, here the mineral s´ 
surface would take on the role of the protein in the ternary complex and reduced lawsone the 
role of the catechol ligand (mineral-Fe(II)-LAWred). To fill this knowledge gap, it is necessary 
to further explore the sorption mechanism of lawsone at goethite-Fe(II) interface for a better 
understanding of quinone interaction with iron(oxide). This study has utilized UV-Vis analysis 
in conjunction with in situ flow cell measurements of Attenuated Total Reflectance 
Fourier-Transform Infrared (ATR-FTIR) spectroscopy to probe the bonding mechanism. The 
UV-Vis spectra were taken to assess whether the aqueous iron-LAW complexes are present 
under environmental pH conditions. ATR-FTIR spectroscopy of particle films immersed in 
solution is a useful tool to investigate the details of surface reaction at solid-solution 
interfaces.80, 108  Iron oxide films deposited on ATR crystals can allow the adsorbate at the 
interface to be directly monitored due to the high surface area.57, 58, 109 In this work, 
ATR-FTIR setup was firstly validated by the aqueous catechol and sorbed one at iron mineral 
surface, and then was utilized to evaluate the adsorption mode of our target compound 
(lawsone) at iron mineral/Fe(II) surface.  
The adsorption studies of well-defined quinones are useful to explain the sorption behavior of 
Natural Organic Matter (NOM). NOM sorption is inevitably more complicated than quinone 
molecules due to their inherent complexities with various functional groups. Until now, NOM 
sorption mechanisms on goethite still remain unclear. Therefore, the ATR-FTIR technique was 
extended to explore the adsorptive fractionation of organic matter such as humic acid as 
another important objective. 
 
4.2 Materials and Methods 
 
Chemicals. Potassium chloride (KCl), acetic acid ammonium salt (NH4COOCH3, 98%) and 
Ferrozine (98%) were from Acros Organics. 2-hydroxy-2,4-naphthoquinone (Lawsone, 97%), 
Aldrich humic acid solids (Humic acid, Sodium salt) and sodium hydroxide were purchased 
from Sigma-Aldrich. 1,2-dihydroxybenzene (catechol, 99%) was provided by Alfa Aesar. 
Hydrochloric acid (HCl) was from Merck. All aqueous solutions were prepared with Millipore 
water. Goethite (ɑ-FeOOH, Bayferrox 920Z) was received from LANXESS; specific surface 
area (N2-BET) = 9.2 m
2/g; pHpzc = 6.5.35  
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Fe(II) stock solution (0.5 M in 1M HCl) was prepared according to Bucholz et al.35  Fe(III) 
stock solution was purchased from Merck. The preparation of dissolved lawsone (LAWox/red)
93 
and untreated Aldrich humic acid (AHA)110 solutions were based on my previous protocol.93, 
110 
UV-Vis Measurements. The oxygen-susceptible procedures were carried out inside a Unilab 
anoxic glovebox (M. Braun, Germany, O2<1ppm, 100% N2). UV-Vis spectra were measured 
to investigate the possibility of the aqueous iron-LAW complexes in the pH range of 2 to 7. 
The general procedure was that firstly, four reference solution spectra including ferrous iron 
(Fe(II)), ferric iron (Fe(III)), oxidized lawsone (LAWox) and reduced lawsone (LAWred) in the 
pH range 2 to 7 were obtained in the anoxic quartz cuvettes by UV-analysis. Secondly, 
aliquots of 25 ml of either Fe(II) or Fe(III) solution were pipetted into 50 ml brown serum 
bottles. LAWox or LAWred were equilibrated with these iron solutions in a 1:1 dilution for 
about one hour, resulting in initial lawsone concentration of 30 µM and iron content of 10 µM. 
The pH was adjusted in the pH range 2 to 7 with NaOH or HCl. And the spectra recorded in 
the wavelength range of 200-800 cm at each pH in the anoxic quartz cuvettes by UV-analysis. 
ATR-FTIR Spectroscopy Analysis. ATR-FTIR measurements were performed with a Bruker 
VERTEX 80V spectrometer equipped with a LN-MCT detector and a horizontal BioATR II 
accessory (8 reflections, Bruker, Germany). The water bath was connected to the ATR 
accessory to control the temperature at 25oC. The flow-through cell was fitted with a ZnSe 
crystal. All of the spectra were taken at 400 scans and with a resolution of 4 cm-1. The spectra 
were recorded in the range of 800-4000 cm-1 and only shown for the region of 1000-1800 
cm-1. Data collection and spectral analysis such as manipulation of the atmosphere signal 
(CO2 and H2O) were carried out using OPCS 7 software (Bruker, Germany). 
The reference spectra of quinones (catechol/lawsone) solution were obtained in flow through 
system and static state for validation (setup shown in Figure S4.5). No background electrolyte 
was introduced in the whole experiment.  
The spectra of quinones interaction with the goethite film at neutral pH were measured on the 
ZnSe crystal by flow through system. Goethite film with high surface area was prepared by 
placing 30 µL of goethite suspension (108.6g/L, pH 7) directly on the ZnSe crystal and 
evaporating to dryness at room temperature. Prior to use, the film with rinsed with Millipore 
water to remove the loosely deposited particles. A background spectra was obtained that 
consisted of the deposited goethite and Millipore water. A sample (1 ml) of quinone/AHA 
solution was then passed through the flow cell by an air-tight glass syringe and spectra 
measurements were acquired as a function of time for one hour. 
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4.3 Results and Discussion 
 
4.3.1 UV-Vis Measurements  
As revealed in my previous study,93 sorption behaviors of LAWox and LAWred happened on 
goethite-Fe(II) system. One possible scenario for the adsorption process was iron-lawsone 
complex formation. Thus, aqueous-phase iron-lawsone experiment setup was to investigate 
the possible complex. Figure 4.1 shows the UV spectra analysis of aqueous Fe(II)/Fe(III), 
LAWox/red, and their mixture at neutral pH. It was observed (Figure 4.1a) that the measured 
spectra of the mixture with Fe(II) and LAWox was the same as only LAWox, as well as 
identical to the calculated composite of Fe(II) and LAWox individually. No evidence was 
provided to support Fe(II)-LAWox complex formation in the aqueous phase. Similar to  
Fe(II)+LAWox, the spectra of the measured mixture with Fe(II)+LAWox, Fe(III)+ LAWred and 
Fe(III)+LAWred was the same as the calculated composite ones (Figure 4.1b, c and d), 
suggesting the lack of aqueous complex formation between iron and lawsone ([Iron-LAW]aq). 
Also, this phenomenon was observed in a wide pH range from 2 to 7, evidenced by the 
UV-Vis spectra shown in Figure S4.1, S4.2, S4.3 and S4.4 in the supporting information. 
Furthermore, it is worthy to mention that Fe(II) and Fe(III) species stayed in the aqueous 
phase since the concentrations in this study (10 µM) were below their individual solubility. 
And electron transfer reaction was not found including reduction of LAWox to LAWred by 
Fe(II)aq and oxidation of LAWred to LAWox by Fe(III)aq, since no new absorption bands were 
detected. 
Chapter 4. Surface Complexation of Quinone/Humic Acid  
69 
 
 
Figure 4.1. UV-Vis spectra diagrams of aqueous iron (10 µM), LAW(30 µM), Iron+LAW 
(composite) and Iron+LAW (measure) at pH 7. a) Fe(II)+LAWox; b) Fe(III)+LAWox; c) 
Fe(II)+LAWred; d) Fe(III)+LAWred. Composite: calculated sum of the individual spectra of 
iron and LAW; Measure: measured spectra of mixture species with iron and LAW.  
 
4.3.2 ATR-FTIR Analysis  
Sorption behavior of quinone can be investigated by the bulk adsorption measurement, but 
only indirect estimates about the type of surface complexes on the iron mineral can be made. 
ATR-FTIR spectroscopy analysis provides more valuable evidence in a direct angle to survey 
how quinone molecules interact with mineral surface. 
Dissolved catechol. Figure 4.2 shows the spectra of aqueous catechol at the neutral pH with 
static state and flow through system at the scan number of 400 and 1500. The shape of spectra 
and peak positions at the flow through system were validated identical to the static state (see 
Figure 4.2a and 4.2c). Also, the spectral quality with 400 scan was proved as good as with 
1500 scan (see Figure 4.2a and 4.2b). Thus, the ATR-FTIR flow through setup with 400 scan 
numbers was applied for the further study.  
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The observed peak position and assignments are listed in Table 4.1. At neutral pH, dissolved 
catechol is in the protonated form (pKa1 = 9.4; pKa2 = 12.8). The peak centered at 1203 cm
-1 
for δ(OH) represented the protonated species. The bands at 1258 and 1278 cm-1 were assigned 
to ν(CO) mode. The peak centered at 1375 cm-1 was corresponding to the couple δ(OH) and 
ν(CC). In addition, the bands at 1470 and 1516 cm-1 were attributed to ν(CC) and δ(CH). 
These peak positions of aqueous catechol were generally in agreement with the literature.57, 58 
Figure 4.2. ATR-FTIR spectra comparison of catechol (10 mM, pH 7) with a) flow through 
with 400 scan; b) flow through with 1500 scan; c) static state with 400 scan and d) static state 
with 1500 scan. Spectra were normalized to the peak with the strongest intensity. 
 
Adsorbed Catechol at Goethite Interface. Figure 4.3 shows the time-dependent spectra of 
surface interfacial species from 5 min to one hour at pH 7 with 10 mM catechol. Compared to 
the spectra of dissolved catechol, the shape and position of the peaks of adsorbed catechol 
changed significantly, suggesting the formation of a covalent bond.57, 58 The observed 
frequencies and peak assignments are listed in Table 4.1. 
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Adsorption behavior is a dynamic process, illustrated by the change of peak area as a function 
of time (shown in Figure 4.3b to 4.3e). Neither new peaks nor peak position shifting was 
found from the time-dependent IR spectra. Shoulder peaks were significantly climbing at 
1263, 1276 and 1477 cm-1, along with the reaction time from 5 min to one hour. Variation in 
the shape of the overlapped peaks in 1103, 1200, 1383, 1440 and 1515 cm-1 suggested an 
uneven enhancement in peak intensity as a function of time. 
Additionally, the spectra shape and the peak position of the catechol interaction with goethite 
were generally consistent with the published data.57, 58 The bands in 1477,1439, 1276, 1263, 
1203 and 1103 cm-1 were similar to the reported peaks of dianionic catecholate in 1M NaOH 
(1473,1428, 1284, 1256, 1207 and 1099 cm-1), indicating a bidentate structure configuration.57, 
58 Although the surface properties of goethite in our study, such as surface area and point of 
zero charge, were different with the synthesized one used in the literature, the agreement of 
spectra shape and peak position with literature has validated our ATR-FTIR setup and can be 
further broaden to other quinone and even organic matter.   
Figure 4.3. ATR-FTIR spectra of (a) aqueous catechol (10 mM, pH 7) and its interaction with 
goethite film acquired at (b) 5 min, (c) 15 min, (d) 30 min, and (e) 60 min. 
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Table 4.1. Peak position and assignment of aqueous catechol and its interaction with goethite. 
(ν means stretching vibration; δ is bending vibration.)  
Wavenumber (cm-1)   
aqueous 
10 mM, pH 7 
on Goethite assignment refs 
    
1103 1100 δ(CH) 57, 58 
    
1203 1200 δ(OH) 57, 58 
    
1258 
1278 
1260 
1276 
ν(CO) 57, 58 
    
1375 1383 δ(OH) + ν(CC) 57, 58 
    
 1440 
1477 
ν (CC) 57, 58 
1470 
    
1516 1515 ν(CC) + δ(CH) 57, 58 
    
1600 1600 ν(CC) + δ(CO) 57, 58 
 
Dissolved LAWox. The spectra of dissolved oxidized lawsone species from pH 2 to 7 are 
present in Figure 4.4. The frequency and peak assignment are listed in Table 4.2. A reference 
spectrum of aqueous LAWox was acquired from 8.3 mM solution at pH 7 (Figure 4.4a). This 
solution ensured a sufficient high concentration for ATR-FTIR measurements. Otherwise, the 
peak intensity of IR spectra was much lower given its low solubility (Figure 4.4b to d), even 
though the shape of spectra and the peak position of LAWox at low concentration (0.83 mM) 
were the same as the one with ten times higher concentration (8.3 mM). 
In agreement with the species distribution, significant difference in the spectra were observed 
between the neutral LAWox and the acid one at pH 2 (see Figure 4.4b and 4.4d). 
Deprotonation of the OH group dramatically changed the peak number and position of the IR 
bands (pKa = 3.9). At pH 7, the fully deprotonated species was predominant in the dissolved 
LAWox. Consequently, two bands were resolved at 1278 and 1535 cm
-1 due to ν(CO) and 
ν(C=C) aromatic ring respectively. These two bands were also detected at pH 4, where about 
50% of LAWox remains deprotonated form. However, the peak for the δ(OH) vibration at 
1257 cm-1 was growing significantly in intensity at pH 2 since the protonated species were 
dominant at acid condition. This pH-dependent change was also observed by other quinone 
compound such as catechol with similar molecular structure.57, 58 The bands centered at 1346, 
1385 and 1593 cm-1 were attributed to ν(CO) coupled with the ν(CC) mode. The peaks 
centered at 1660 cm-1 may be corresponding to C=O double band with a relatively small 
intensity for protonated and deprotonated species. 
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Figure 4.4. ATR-FTIR analysis of LAWox (8.3 mM at pH 7 and 0.83 mM at pH 2, 4, 7) with 
flow through system by 400 scan.  
 
Adsorbed LAWox at Goethite/Aqueous Interface. The spectra of surface interfacial species as 
a function of time at pH 7 with 8.3 mM LAWox is illustrated by Figure 4.5. Neither new peaks 
nor peak position shifting was found from the time-dependent IR spectra. The shape of the 
spectra and the peak position of LAWox interaction with goethite was generally the same as 
the aqueous one except for the peak at 1563 cm-1. Combing with the bulk adsorption dataset 
in my previous study,93 it is a direct evidence for negligible sorption of oxidized lawsone on 
goethite surface.  
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Figure 4.5. ATR-FTIR spectra of (a) aqueous LAWox (8.3 mM, pH 7) and its interaction with 
goethite film acquired at (b) 5 min, (c) 15 min, (d) 30 min, and (e) 60 min. 
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Table 4.2. Peak position and assignment of aqueous LAWox and its interaction with goethite. 
(ν means stretching vibration; δ is bending vibration.) 
 Wavenumber (cm-1)   
Lawsone aqueous on Goethite assignment refs 
     
8.3 mM, pH 7 1038 1038 
δ(CH) 57, 58, 80 
0.83 mM, pH 7 1038  
0.83 mM, pH 4 1038  
0.83 mM, pH 2 1038  
     
8.3 mM, pH 7 1212 1212 
 
δ(OH) 
 
57, 58, 80 
0.83 mM, pH 7 1212  
0.83 mM, pH 4 1212  
0.83 mM, pH 2 1212  
     
8.3 mM, pH 7 1257 1253 
δ(OH) 57, 58, 80 
0.83 mM, pH 7 1257  
0.83 mM, pH 4 1257  
0.83 mM, pH 2 1257  
    
8.3 mM, pH 7 1278 1278 
ν(CO) 57, 58, 80 
0.83 mM, pH 7 1278  
0.83 mM, pH 4 1278  
0.83 mM, pH 2   
    
8.3 mM, pH 7 1346 1346 
ν(CO) + ν(CC) 57, 58, 80 
0.83 mM, pH 7 1346  
0.83 mM, pH 4 1346  
0.83 mM, pH 2    
     
8.3 mM, pH 7 1385 1385 
ν(CO) + ν(CC) 111 
0.83 mM, pH 7 1385  
0.83 mM, pH 4 1385  
0.83 mM, pH 2 1385  
     
8.3 mM, pH 7 1463 1455 
ν(C=C) 57, 58, 80 
0.83 mM, pH 7 1463  
0.83 mM, pH 4 1463  
0.83 mM, pH 2 1463  
     
8.3 mM, pH 7 1525 1535 
ν(C=C) + δ(CH)  57, 58, 80 
0.83 mM, pH 7 1525  
0.83 mM, pH 4 1525  
0.83 mM, pH 2    
     
8.3 mM, pH 7 1593 1591 
ν(CC) + δ(CO) 57, 58, 80 
0.83 mM, pH 7 1593  
0.83 mM, pH 4 1593  
0.83 mM, pH 2 1593  
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8.3 mM, pH 7 1660 1645 
ν(C=O)  112, 113 
0.83 mM, pH 7 1660  
0.83 mM, pH 4 1660  
0.83 mM, pH 2 1660  
 
Dissolved Untreated Aldrich Humic Acid (AHAuntre). Quinone is abundant in the natural 
organic matter such as humic acid (~10%).114, 115 The strong adsorption behavior of Aldrich 
humic acid on goethite has been investigated by batch experiments.110 Here, The ATR-FTIR 
technique is introduced to identify its sorption mechanism and surface species directly in 
details. 
Figure 4.6a shows ATR-FTIR spectra of the untreated AHA dissolved in water with a 
Dissolved Organic Carbon (DOC) concentration of 1000 mgDOC/L at pH 7. A reference 
spectrum of dissolved AHAuntre was obtained in the wavenumber region of 800 - 4000 cm
-1 
(Figure S4.7). However, the spectra were shown for the fingerprint region 900 – 1800 cm-1 
only (Figure 4.6a), since large water noises appeared in the region of 3000 – 3500 cm-1 and 
also no apparent peak was observed between 2000 and 3000 cm-1 wavenumber. 
The ATR-FTIR spectra emphasize speciation and functional groups of AHA at neutral pH. 
The band features of the spectra are 1020, 1103, 1365, 1570 cm-1 and peak assignments are 
listed in Table 4.3. A fairly broad band at 1570 cm-1 was assigned to the coupled aromatic ring 
ν(CC) and an asymmetric carbonyl stretch in carboxylic acid bonds. The band at 1365 cm-1 
indicated C-O stretching of phenolic OH and the presence of symmetric carbonyl stretch.116 
The absorption band centered at 1020 and 1103 were corresponding to the δ(CH) and ν(CO) 
respectively.117, 118 
Adsorbed AHAuntre on Goethite Surface. The time-dependent spectra of surface interfacial 
AHAuntre species from 5 min to 60 min at neutral pH condition are present in Figure 4.6b to 
4.6e and S4.7. The equilibrium of AHA adsorption onto goethite interface was established in 
around 30 min, as the spectral shape and peak intensity of adsorbed AHA at 30 min was 
almost equal to one at 60 min, shown in Figure 4.6d and 4.6e. 
The ATR-FTIR spectra displayed for AHAuntre interaction with goethite by flow through cell 
measurement in Figure 4.6b to 4.6e, bear some similarities to those for aqueous AHAuntre. For 
instance, the spectra shown in Figure 4.6 all possess a strong peak at 1570 cm-1, and a broad 
feature in the spectral region of around 1300 – 1500 cm-1. On the other hand, the spectra in 
Figure 4.6 are most notable for the presence of additional peaks observed in the adsorbed 
AHAuntre. By comparison with aqueous AHAuntre, the stretching band of carboxylate COO
- of 
the adsorbed AHA fractions onto goethite was shifted from 1570 cm-1 to 1620 and 1640 cm-1 
respectively, indicating that COO- functional groups rich in humic acid may be complexes 
with goethite surfaces.80, 111, 119, 120 Similarly, many FTIR spectroscopy studies have reported 
that the organic molecules consisted of carboxylic acid groups, for examples, phthalic acid, 
gentistic acid, and naphthoic acid, can be strongly bounded to iron oxides by out-sphere and 
inner-sphere complexation.108, 109, 121, 122  Therefore, it is hinted both electrostatic out-sphere 
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and inner-sphere complexation may occur between the carboxylic acid functional group of the 
humic acid and the iron mineral surface. 
Another important observation is that a shoulder band at 1210 cm-1 appeared due to the 
phenolic OH functional groups, which confirms that phenolic moieties such as catechol-like 
quinone, may be an important component to adsorb on goethite.46, 57, 58, 105 Also, the clear peak 
at 1620 and 1640 cm-1 representing the C=C of aromatic moieties, which suggested that 
goethite may strongly coated with the aromatic moieties. Furthermore, the spectra of adsorbed 
AHAuntre showed a band shifting from 1020 to 1010 cm
-1, compared with the aqueous one. 
This intensity reduction reveals the complexation between carbohydrates or 
polysaccharide-like substance of AHA and goethite mineral, in line with many previous 
reports.18, 21, 22, 120  To sum up, it is suggested that carboxyl acid and phenol functional groups 
in humic acid structure are responsible for the adsorption mechanism by electrostatic 
attraction and surface complexation. However, further identification of surface complex 
structure using ATR-FTIR technique may be ambiguous. 
 
Figure 4.6. ATR-FTIR spectra of (a) aqueous AHAuntre (1000 mgDOC/L, pH 7) and its 
interaction with goethite film acquired at (b) 5 min, (c) 15 min, (d) 30 min, and (e) 60 min. 
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Table 4.3. Peak position and assignment of aqueous AHAuntre and its interaction with goethite. 
(ν means stretching vibration; δ is bending vibration; asy and sy represent asymmetric and 
symmetric stretching respectively.) 
Wavenumber (cm-1)   
aqueous 
1000 ngDOC/L, pH 7 
on Goethite assignment refs 
1020 1020 
δ(CH) 
carbohydrate (-OH); 
polysacchride 
116, 118-120 
    
1103 1103 ν(CO) 116, 118, 119 
    
 1210 δ(OH) 116, 118, 119 
    
1365 1365 
δ(CH); 
ν(CO) + ν(COO)sy 
116, 118, 119 
    
1570 1570 ν(CC) + ν(COO)asy 116, 118, 119 
    
 1620 
1640 
ν(CC) + ν(COOH)asy 116, 118, 119 
 
 
 
4.4 Environmental Significance 
 
In this study, sorption mechanism of quinone/humic acid at goethite/Fe(II) interface has been 
investigated with multiple complementary techniques. Our results demonstrated that the 
naphthoquinone lawsone did not form binary complex with iron in both aqueous and solid 
phase. On one hand, UV-Vis spectroscopic results indicated that aqueous iron-lawsone 
complex could not be detected in the pH range of 2 to 7. On the other hand, it is the first time 
to illustrate by the ATR-FTIR experiments that the spectra shape and peak position of free 
oxidized lawsone was in accordance with its interaction with goethite, providing strong 
evidence for negligible sorption of lawsone on goethite/water interfaces. Also it is important 
to note that the ATR-FTIR flow through setup has been validated by the fact that catechol 
binds predominantly as a bidentate surface complex on goethite, in agreement with the 
published paper. Furthermore, the findings of this study provide insights into quinone surface 
complexes on the molecular scale that can be applied to describe and predict the adsorption 
behaviour of organic matter with complex structure in the environment. The humic acid 
sorption mechanisms on goethite surface were examined employing flow cell measurements 
of ATR-FTIR spectroscopy. The spectroscopic data of adsorbed and dissolved AHA indicated 
that goethite provides sorption sites predominantly for the carboxyl and phenol functional 
groups at neutral pH.  
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However, due to the limitation of time framework, only ATR-FTIR experiments under oxic 
condition including quinone/humic acid-goethite interaction has been conducted. However, 
the FTIR flow through setup under the oxygen free condition for reduced lawsone and 
goethite-Fe(II) system is currently operated. It is worthwhile to mentioning that both LAWred 
and Fe(II) are very sensitive to O2, and thus the whole flow through setup should avoid 
oxygen contamination. Identification of surface species and sorption mechanisms on 
Fe(II)-bearing goethite system (e.g. goethite-Fe(II)-LAWred) using ATR-FTIR spectrometer 
should be studied in future experiments. 
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5.1 Conclusions 
 
Within the available time frame of the Ph.D. thesis, the results from my experiments 
significantly advanced the state of the knowledge about the electron transfer processes 
in the aqueous Fe(II)-iron mineral system. The main purpose of the present work was 
to monitor and characterize the adsorption behavior and electron transfer reactions of 
organic matter across the Fe(II)-iron mineral interfaces. Various laboratory 
experiments have been conducted within the thesis, including batch experiments to 
quantify redox species of the model quinone, as well as humic acid sorption ability 
onto the iron mineral-Fe(II) surface, and spectroscopic investigations to explore the 
sorption mechanisms. Summarized, the key conclusions of each study are: 
(i) The naphthoquinone lawsone showed a complex sorptive interaction with 
goethite surface. Its sorption behaviour can be affected by the redox state of 
the quinone, as well as the amount and distribution of Fe(II) associated with 
goethite. It is an important point that the sorbing quinone showed reversible 
electron transfer at goethite/Fe(II) interfaces, i.e., its oxidized species can 
accept the electron from ferrous iron bound to goethite and backwards the 
reduced one is able to donate the electron to the ferric iron at goethite surface. 
This is in agreement with studies on non-sorbing quinone 
anthraquinone-2,6-disulfonate (AQDS).27 Furthermore, the apparent reduction 
potential of the goethite-Fe(II) surface was estimated by the dissolved redox 
couple of quinone/hydroquinone and the obtained value is in a range of -150 ± 
23 mV vs SHE. As compared to similar redox potential measurements by 
using the non-sorbing quinone AQDS, we conclude that the accumulated 
quinone/hydroquinone has no significant effect on the redox potential of the 
goethite/goethite-Fe(II) surface. 
(ii) The interactions between natural organic matter (e.g. humic acid) and iron 
mineral/Fe(II) surfaces are mainly involved in sorption and electron transfer 
reaction processes. On one hand, the batch sorption experiments indicated that 
untreated humic acid showed the same sorption behavior on goethite surface 
as the electrochemically reduced and reoxidized one. Also, it was observed 
that the amount and species of Fe(II) sorbed to goethite can significantly 
enhance the sorption behavior of redox-active organic matter. On the other 
hand, it is worthwhile to note that electron transfer is to occur based on the 
difference between the redox potential of goethite/Fe(II) surface and dissolved 
humic acid. Therefore, it is foreseeable that the sorption and electron transfer 
reaction of organic matter might consume the redox activity of the reductant 
associated Fe(II) with iron mineral and further to inhibit the reduction or 
degradation of organic pollutants in the iron mineral-Fe(II) systems. 
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(iii) The results of the spectroscopic experiments allows us to better understand the 
adsorption mechanism of organic matter such as quinone and humic acid at 
mineral-water interface. The naphthoquinone lawsone was shown to not 
chelate with dissolved iron and also the mineral phase by UV-Vis analysis and 
ATR-FTIR spectroscopic study. For comparison, previous research has 
demonstrated that catechol can form binary complex with both free iron and 
the mineral phase.76, 78 Furthermore, ATR-FTIR spectroscopy was applied to 
further investigate natural organic matter with more complicated structure and 
the results indicated that carboxylic acid and phenol functional groups rich in 
the humic acid structure are preferably adsorbed on goethite/aqueous 
interfaces. Thus, the results suggest that sorption of organic matter such as 
quinone and humic substance to goethite/water interface is driven by both 
electrostatic attraction and surface complexation. However, the flow cell 
ATR-FTIR setup for oxygen free conditions such as goethite-Fe(II)-LAWred 
system, needs to be further evaluated and optimized. 
 
5.2 Outlook  
The combined approaches and data enable us to set up a framework for speciation and 
surface reaction of ferrous iron and reactive organic matter at mineral phases. This 
study may be a first step to predict effects of changing environmental conditions on 
redox processes and their effects on pollutant fate in heterogeneous systems. Future 
work will need to address the application to various geochemical settings, 
summarized as the following:  
(i) In this work, the selected quinone is Lawsone as representative. Due to its 
redox potential (EH(pH7) = 152 mV), the model quinone can serve as indicator 
for the redox properties of the iron mineral surface. However, the investigation 
of sorption and electron transfer reaction of other naphthoquinone (such as 
5-hydroxy-1,4-naphthalenedion juglone) onto iron (hydr)oxides could be 
extended. At pH 7, lawsone is deprotonated (pKa = 3.9) and hence anionic, 
while juglone remains in its protonated form (pKa = 8.0, shown in Figure 1.3). 
Therefore, significantly different sorption behavior of these two quinones to 
goethite and goethite/Fe(II) mineral surfaces are expected.  
(ii) The sorptive interaction between natural organic matter and iron mineral/Fe(II) 
interfaces have been investigated. However, the presence of competing 
inorganic anions, such as phosphate, has a strong effect of NOM sorption on 
minerals.17, 24 Other reactive electrolytes such as Ca2+, Al3+, may compete with 
the organic matter for the sorbing sites at the mineral surfaces.51, 123 
Furthermore, these metal ions forming complexes with NOM,124-126 might also 
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influence NOM sorption behavior onto the iron minerals. Hence, the potential 
effect of reactive solutes on NOM sorption at the iron mineral surfaces can be 
further studied. It will help us to comprehensively understand the multiple 
interactions between natural organic matter and iron minerals at various 
geochemical conditions. 
(iii) Fe(II)/mineral phases as well as reduced organic matter can catalyze the 
reductive transformation of chlorinated hydrocarbons.12, 30 It remains however 
unclear how the presence of organic matter affects the surface reactivity of 
Fe(II)/mineral phases towards reductive dechlorination. To this goal, kinetic 
batch experiments can be set-up with a defined goethite-Fe(II) suspension at 
constant pH (pH 7) and various amounts of selected organic matter (quinones 
or humic acids). The batches can be spiked with carbon tetrachloride (CCl4) as 
a model for chlorinated hydrocarbons and the degradation rates of CCl4 as 
well as product formation (e.g. CHCl3) will be monitored with time by 
GC-MS analysis, following the protocol of Buchholz et al.35  
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1.Reference Spectra of LAWox and LAWred by UV-Vis Analysis. 
Figures S2.1 and S2.2 show the reference spectra of the two states of lawsone.  
Oxidized State (LAWox) 
 
Figure S2.1. UV-Vis spectrum of 0.46 mM (= 54.8 mgDOC/L) lawsone at pH 2.0, 3.4, and 
7.1 respectively. 
Reduced State (LAWred) 
 
Figure S2.2. UV-Vis spectrum of 0.23 mM (= 27.4 mgDOC/L) reduced lawsone at pH 5.2, 
7.1, 9.6, and 12.8 respectively measured in 0.1 M KCl and 0.1 M phosphate buffer (pH 7) . 
The reduced lawsone can be re-oxidized to LAWox when purging with O2 for several minutes. 
The UV spectra (Figure S2.3) provide evidence of reversible reduction and re-oxidation of 
lawsone. 
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Figure S2.3. UV-Vis spectrum of 0.23 mM (= 27.4 mgDOC/L) re-oxidized lawsone at pH 5.2, 
7.1, 9.6, and 12.8 respectively measured in 0.1 M KCl and 0.1 M phosphate buffer (pH 7) . 
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2.‘Buffer + EDTA’ Method for Re-oxidation of Reduced Lawsone in the 
presence of Fe(II). 
As tested before, bare buffer solutions (either pH 7 or pH 4.76), could not be used in the 
re-oxidation process of reduced lawsone when the Fe(II) content was high involving the UV 
method. Consequently, a ‘MOPS + EDTA’ method was introduced so that Fe(II) or Fe(III) 
would form complexes with EDTA (EDTA-Fe(II) and EDTA-Fe(III)) and keep Fe(III) stable 
in solution, thus avoiding Fe(III) precipitation. 
As shown in Figure S2.4, for only EDTA, in the UV spectra, there is no absorbance above 250 
nm. In the presence of Fe(II) at pH 7, absorbance peak appeared in the spectra in the range of 
240 - 320 nm, but no absorbance beyond 320 nm was obtained. This suggested that 
EDTA-Fe(II) complex formation occurred to some extent. In the presence of Fe(III), the UV 
spectra were different. The absorbance was largely decreasing below 430 nm and remained 
close to zero above 430 nm. This might indicate the appearance of some EDTA-Fe(III) 
complex in the aerobic condition. Based on the results, quantification of the oxidized lawsone 
can be done at 453 nm in the presence of sufficient amounts of Fe(III) at pH 7 by the ‘MOPS 
+ EDTA’ method. 
 
Figure S2.4. UV spectra of EDTA, EDTA-Fe(II) with MOPS buffer and EDTA-Fe(III) with 
MOPS buffer. 
The second issue was to investigate whether the ‘Buffer + EDTA’ method could be used for 
the re-oxidation process of lawsone in the presence of high amounts of Fe(II) and Fe(III). As 
illustrated in Figure S2.5, due to EDTA-Fe(II) and EDTA-Fe(III) complex formation, the UV 
spectra of oxidized lawsone was different. At wavelengths above 430 nm, three UV spectra 
(oxidized lawsone, oxidized lawsone with EDTA-Fe(II) and oxidized lawsone with 
EDTA-Fe(III)) seemed to overlap. 
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Figure S2.5. UV spectra of oxidized lawsone with MOPS buffer, oxidized lawsone with 
EDTA-Fe(II) and MOPS buffer, and oxidized lawsone with EDTA-Fe(III) and MOPS 
buffer. 
The UV spectra of reduced lawsone in the presence of EDTA-Fe(II) and after its re-oxidation 
in the presence of EDTA-Fe(III) at pH 7 were also measured. Results are shown in Figures 
S2.6a and b. In Figure S2.6a, the UV spectra of reduced lawsone in the presence of 
EDTA-Fe(II) was different compared to the spectra the absence of EDTA-Fe(II) below 330 
nm, but both were almost the same above 330 nm. This was caused by EDTA-Fe(II) complex 
formation. In Figure S2.6b, the UV spectra of re-oxidized lawsone in the presence of 
EDTA-Fe(III) was different compared to the spectra in the absence of EDTA-Fe(III) below 
430 nm, yet both were almost the same above 430 nm again due to  interference of 
EDTA-Fe(II) complex formation. Hence, for the re-oxidation process of lawsone in the 
presence of high amounts of Fe(II), the ‘Buffer + EDTA’ method can be used for oxidized 
lawsone quantification, but not to the reduced lawsone. 
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Figure S2.6. UV spectra of reduced lawsone with MOPS buffer, reduced lawsone with 
EDTA-Fe(II) and MOPS buffer (a); UV spectra of re-oxidized lawsone with MOPS buffer, 
re-oxidized lawsone with EDTA-Fe(II) and MOPS buffer (b). 
In this ‘Buffer + EDTA’ method at pH 7, MOPS buffer was used instead of phosphate buffer 
since PO4
3- may react with Fe(III). 
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3. Goethite-Fe(II) + LAWred (I) system. 
Figures S2.7 show the UV spectra of the filtered samples in the presence of MOPS buffer. 
  
 
Figure S2.7. UV spectrum of fully reduced lawsone samples with different initial 
concentration after filtration in the presence of MOPS buffer. 
The absorbance spectra of final, filtered samples of LAWred in the GT-Fe(II) (I) system were 
similar to the  GT-Fe(II) and GT-Fe(II)/Fe(III) systems, all showing only reduced species in 
the aqueous phase. 
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4.  Goethite-Fe(II)+ LAWox system 
Figure S2.8 shows UV spectra of final filtered samples with different initial LAWox 
concentration (0, 87, 173, 260, 346, 433, 520, and 693 µmol/L). 
 
Figure S2.8. UV spectra of the supernatant samples after filtration with different initial 
LAWox concentration (0, 87, 173, 260, 346, 433, 520, and 693 µmol/L). 
 
The UV spectra of the filtered samples and their re-oxidized solution in the presence of 
MOPS buffer and EDTA solution are shown in the following Figure S2.9. 
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Figure S2.9. UV spectra of the filtered samples and their re-oxidized lawsone samples with 
different amounts of initially oxidized lawsone in the presence of MOPS buffer and EDTA. a) 
87 µmol/L; b) 173 µmol/L; c) 260 µmol/L; d) 346 µmol/L; e) 433 µmol/L; f) 520 µmol/L;  
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5. GT+LAWred system 
  
 
Figure S2.10. UV spectrum of the partially oxidized lawsone after filtration and the 
re-oxidation lawsone samples with different amounts of initially reduced lawsone in the 
presence of phosphate buffer. a) 150 µmol/L; b) 300 µmol/L; c) 450 µmol/L. 
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6. GT-Fe(II)+LAWred (III) system 
 
 
Figure S2.11. UV spectrum of the partially oxidized lawsone after filtration. 
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7. Sorption isotherm of Zn(II) at goethite surface 
Figures S2.12 show the sorption isotherm of zinc to goethite with equilibrium 3 days, the 
same as equilibrium 4 days. 
 
 
Figure S2.12. Sorption isotherm of Zn(II) on the goethite surface (100 m2/L) at pH 7. a) 
Equilibration for 3 days; b) Equilibration for 4 days 
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8. Sorption isotherms by DOC analysis 
 
Figure S2.13. Uptake behavior of lawsone by DOC analysis under different redox conditions.  
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9. Equation for calculating the redox potential at goethite surfaces in the 
presence of Fe(II) 
In order to correctly calculate the reduction potential of quinone, the redox species of quinone 
need to be defined individually. The oxidized form of lawsone (𝑍𝑇) contained protonated and 
deprotonated forms (Zo and Z−). On the other hand, three protonation levels of reduced 
species (𝑋𝑇) exist (XH2
o, XH−, and X2−). The corresponding Nernst equation is written as 
the following Equation (S2.1):127  
𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒 = 𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒
0 +
𝑅𝑇
𝑧𝐹
ln (
[𝑍𝑜][𝐻+]2
[𝑋𝐻2
𝑜]
)        
                   = 𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒
0 +
𝑅𝑇
𝑧𝐹
ln (
𝑍𝑇∙[𝐻
+]∙([𝐻+]2+[𝐻+]∙𝐾𝑎𝑅1+𝐾𝑎𝑅1∙𝐾𝑎𝑅2)
([𝐻+]+𝐾𝑎)∙𝑋𝑇
)   
                   = 𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒
0 +
𝑅𝑇
𝑧𝐹
ln (
𝑍𝑇
𝑋𝑇
) +
𝑅𝑇
𝑧𝐹
ln (
[𝐻+]3+[𝐻+]2∙𝐾𝑎𝑅1+[𝐻
+]∙𝐾𝑎𝑅1∙𝐾𝑎𝑅2
[𝐻+]+𝐾𝑎
)      (S2.1) 
where 𝐸0 is the standard redox potential of quinone at 0.351 V, R is the gas constant, T is the 
absolute temperature (K), F is the Faraday constant and z is the number of electrons 
transferred (z = 2). The acid-base equilibrium constants for the oxidized and reduced forms of 
quinone lawsone are reported in Clark’s work (oxidized form: 𝐾𝑎 = 1.04 × 10
−4; reduced 
form: 𝐾𝑎𝑅1 = 2.09 × 10
−9,𝐾𝑎𝑅2 = 1.95 × 10
−11).38 
To estimate the pH effects on the redox potential of lawsone, Eq. (S2.1) can be rewritten as 
follows: 
𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒 = 𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒
0 +
2.303𝑅𝑇
𝑧𝐹
𝑙𝑜𝑔10 (
𝑍𝑇
𝑋𝑇
) +
2.303𝑅𝑇
𝑧𝐹
𝑙𝑜𝑔10 (
[𝐻+]
[𝐻+]+𝐾𝑎 
) +
2.303𝑅𝑇
𝑧𝐹
  
        × 𝑙𝑜𝑔10([𝐻
+]2 + [𝐻+] ∙ 𝐾𝑎𝑅1+𝐾𝑎𝑅1 ∙ 𝐾𝑎𝑅2)                            (S2.2)                                      
Using the relationships 𝑝𝐻 = − 𝑙𝑜𝑔10[𝐻
+] and  𝑝𝐾𝑎 = − 𝑙𝑜𝑔10𝐾𝑎, the expression for the 
redox potential of lawsone at 𝑝𝐻 = 7 can be simplified by Eq. (S2.3), since 𝑝𝐻 ≫ 𝑝𝐾𝑎 and 
𝑝𝐻 ≪ 𝑝𝐾𝑎𝑅1: [𝐻
+]2 ≫ [𝐻+] ∙ 𝐾𝑎𝑅1+𝐾𝑎𝑅1 ∙ 𝐾𝑎𝑅2 
𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒 ≅ 𝐸ℎ,𝑙𝑎𝑤𝑠𝑜𝑛𝑒
0 +
2.303𝑅𝑇
𝑧𝐹
(𝑙𝑜𝑔10 (
𝑍𝑇
𝑋𝑇
) + 𝑙𝑜𝑔10 (
[𝐻+]
𝐾𝑎 
) − 2𝑝𝐻)             (S2.3)                 
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Table S2.1. E0H (pH = 7) values calculated from Lawsone redox speciation in solution 
(directly measured; subscript aq) or sorbed at goethite/Fe(II) (calculated form electron 
balance, subscript surf) 
GT-Fe(II)+LAWox system 
LAW
ox 
 added
 
(µM) 
pH 
E0H(pH7),LAW(aq) 
(mV) 
E0H(pH7),LAW(surf) 
(mV) 
86.6 6.95 -152 - 
173.2 6.95 -152 - 
259.8 6.81 -152 -156 ± 1.6 
346.4 6.80 -152 -144 ± 2.9 
433.0 6.76 -152 -136 ± 1.6 
519.6 6.77 -152 -132 ± 1.8 
692.8 6.74 -152 -122 ± 2.3 
 
Table S2.2. Comparison of Langmuir model parameters in various systems 
System KL [L/µmol] LAWsorb, max [µmol/g] 
GT-Fe(II)+LAWred 0.11 14.5 
GT-Fe(II)+LAWox 0.033 18.8 
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Two types of Langmuir Fitting to data (LAWred(aq) vs LAWtot(sorb)) in Figure 2.3 have been conducted: one is fitting individual listed experimental 
data with a Langmuir model, which can provide several groups of K and Smax values, and also the average values and standard deviations; the other 
one is fitting together with all the dataset of listed experiments, only one group of K and Smax value, thus no standard deviations. Both fitting 
procedures show the same parameters for Langmuir model. The details are listed in the following Table S2.3. 
Table S2.3. Two types of Langmuir Fitting to data (LAWred(aq) vs LAWtot(sorb)) in Figure 2.3. 
Name Individual Fitting Fitting together 
 K Smax R2 K Smax R2 
GT-Fe(II)+LAWred (I) 0.106 ± 0.025 14.456 ± 0.355 0.885 
0.115 ± 0.043 14.457 ± 0.624 0.834 
GT-Fe(II)+LAWred (II) 0.098 ± 0.016 15.318 ± 0.300 0.953 
GT-Fe(II)+LAWred (III) 0.184 ± 0.070 13.924 ± 0.553 0.786 
GT-Fe(II)+O2+LAWred (I) 0.139 ± 0.043 13.939 ± 0.398 0.837 
GT-Fe(II)+O2+LAWred (II) 0.154 ± 0.015 15.787 ± 0.659 0.892 
GT+LAWred 0.147 ± 0.001 13.188 ± 0.013 0.999 
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1. UV and Fluoessence Spectropy of Aldrich Humic acid 
 
Figure S3.1. UV spectra of Aldrich Humic acid (9 mgDOC/L) under untreated, reduced and 
reoxidized states at pH 7. 
 
a) AHAuntre b) AHAred 
  
c) AHAreox  
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Figure S3.2. EEM Fluoessence spectra of Aldrich Humic acid (9 mgDOC/L) under untreated, 
reduced and reoxidized states at pH 7. 
 
2. Validation of Aldrich HA effect on ferrozine method 
 
 
 
  
Figure S3.3. The spectra of ferrozine method for Fe(II)aq detection in the presence of 100 
mgDOC/L AHAuntre. 
 
  
Figure S3.4. The interference of AHAuntre to the Fe(II) calibration. 
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a) b) 
  
Figure S3.5. The interface of AHAuntre to Fe(II) measurement by ferrozine method; a).normal 
measured Fe(II); b) subtraction of Fe(II) in the presence of high DOC AHAuntre. 
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3. Sorption Isotherm by UV-Vis  
 
Figure S3.6. Sorption behaviors of AHA under different redox conditions by UV-Vis (n = 2 ± 
1 SD).  
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4. Sorption Isotherm of untreated AHA to goethite at pH 6-8 
 
Figure S3.7. Sorption of untreated AHA in the absence of Fe(II) on Goethite by UV and 
DOC methods at pH 6 and 8 (n = 2 ± 1 SD) and at pH 7 (n = 1). Goethite surface = 50 m2/L. 
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5. Mediated electrochemical oxidation (MEO) and reduction (MER) 
Mediated electrochemical oxidation (MEO) and reduction (MER) quantitatively detected the 
electrons of either AHAuntre or AHAred samples pre-reduced by DER method, which has been 
previously published.36, 54 A nine mL glassy carbon cylinder (Sigradur G, HTW, Germany) 
was used both as the working electrode (WE) and reaction vessel to favour electron transfer 
through the mediators. The counter electrode was a coiled platinum wire separated by a 
porous glass tube. The applied redox potentials (EH) were measured against Ag/AgCl 
reference electrode (Bioanalytical Systems Inc., USA), but exported to standard hydrogen 
potentials as reference. The working cell was filled with 6 ml of phosphate buffer (0.1 M KCl, 
0.1 M phosphate, pH 7) and the electrode was equilibrated to the desired potentials (Eh = -0.7 
V in MER and +0.4 V in MEO). Afterwards, 180 µl of mediator stock solutions (5 mM) DQ 
for MER and ABTS for MEO were spiked into the cell, leading to reductive and oxidative 
peak currents respectively. After acquisition of stable background currents, small volumes 
(10-100 µl) of AHA samples were added to the cells. The amounts of transferred electrons 
were measured by chronocoulometry and the resulting current peaking for MER and MEO 
were integrated by Origin software to calculate the electrons accepting (EAC) and donating 
capacities (EDC) (µmol e-/g DOC) of added samples. 
𝐸𝐴𝐶 =  
∫ 𝐼𝑟𝑒𝑑𝑑𝑡
𝐹×𝑉𝑎𝑑𝑑×𝐶𝑠𝑎𝑚𝑝𝑙𝑒
                                                    (S3.1)                                                     
𝐸𝐷𝐶 =  
∫ 𝐼𝑜𝑥𝑑𝑡
𝐹×𝑉𝑎𝑑𝑑×𝐶𝑠𝑎𝑚𝑝𝑙𝑒
                                                    (S3.2)                                                    
Whereas Ired and Iox ([A]) are the baseline-corrected reductive and oxidative currents in MER 
and MEO respectively, F is faraday constant (96485 s A/mol), Vadd (µl) is the added volumes 
of AHA samples and Csample (mgDOC/L) is the DOC concentration of added samples. All 
samples were conducted in triplicates. And the electrochemical properties of Aldrich HA were 
listed in Table S3.2. 
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Table S3.1. Control Samples of Fe(II)aq/Zn(II)aq with untreated and electrochemically reduced 
AHA in the aqueous phase at pH 7. 
Experimental Condition 
Initial addition Equilibrium one day and filtered (measured) 
Fe(II)aq 
(mM) 
Zn(II)aq 
(mM) 
AHAuntre 
(mgDOC/L) 
AHAred 
(mgDOC/L) 
Fe(II)aq 
(mM) 
Zn(II)aq 
(mM) 
AHAuntre 
(mgDOC/L) 
AHAred 
(mgDOC/L) 
1.0  13.0  1.00 ± 0.01  12.6 ± 0.5  
1.0  52.0  0.99 ± 0.01  50.6 ± 0.1  
1.0   9.0 1.02 ± 0.00   9.2 ± 0.2 
1.0   46.0 1.06 ± 0.01   44.1 ± 0.3 
 1.0 13.0   0.94 ± 0.01 8.6 ± 0.2  
 1.0 52.0   0.95 ± 0.01 47.7 ± 0.1  
 
Table S3.2. Electrochemical  Property and Fe(II) Content of Aldrich HA  
Electrochemical Properties 
Name 
EAC(MER) 
(µmol 
e-/mgDOC) 
EDC(MEO) 
(µmol 
e-/mgDOC) 
EAC(literature) 
(µmol 
e-/mgDOC) 
EDC(literature) 
(µmol 
e-/mgDOC) 
  
AHAuntre 3.19 ± 0.3 3.78 ± 0.2 1.7-2.536, 100 3.836   
AHAred n.a 6.66 ± 0.4 n.a n.a   
       
Ferrous Iron Content 
 
DOC content 
(mgDOC/L) 
EDC(MEO) 
(µmol e-/L) 
Fe(II)aq (ferrozine) 
(µmol /L) 
Fe(II)aq (literature)   
(µmol /L) 36, 100 
Fe(II)aq/EDC 
 (%) 
Fe mass 
 (%) 
AHAred 92 634.8 75 ± 0.8 54.5 11.8 1.8 
*Aldrich HA contains significant amount of iron (1.33%);  n.a = not available.  
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UV-Vis Spectroscopy 
 
Figure S4.1, S4.2, S4.3 and S4.4 show that the UV spectra analysis of aqueous iron, LAW, 
and their mixture in the pH range from 2.1 to 7. 
 
Figure S4.1. UV-Vis spectra diagrams of Fe(II) (10 µM), LAWox (30 µM), 
Fe(II)+LAWox(composite) and Fe(II)+LAWox(measure) at pH 2.1 to 7. Composite: calculated 
sum of the individual spectra of iron and LAW; Measure: measured spectra of Iron+LAW. 
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Figure S4.2. UV-Vis spectra diagrams of Fe(III) (10 µM), LAWox (30 µM), 
Fe(III)+LAWox(composite) and Fe(III)+LAWox(measure) at pH 2.1 to 7. 
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Figure S4.3. UV-Vis spectra diagrams of Fe(II) (10 µM), LAWred (30 µM), 
Fe(II)+LAWred(composite) and Fe(II)+LAWred(measure) at pH 2.1 to 7. 
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Figure S4.4. UV-Vis spectra diagrams of Fe(III) (10 µM), LAWred (30 µM), 
Fe(III)+LAWred(composite) and Fe(III)+LAWred(measure) at pH 2.1 to 7. 
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ATR-FTIR Spectroscopy Analysis 
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) measurements were 
performed with a Bruker VERTEX 80V spectrometer equipped with a LN-MCT detector and 
a horizontal ATR diamond accessory (BioATR II, 8 reflections, Bruker, Germany) with a 
ZnSe Crystal. The setup was shown in the following Figure S4.5. 
a)  b) 
  
Figure S4.5. experiment setup for ATR-FTIR measurement with the static state (a) and flow 
through system (b). 
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Figure S4.6 shows the spectra of free oxidized lawsone species from pH 2 to 7 at static state. 
Its spectra shape and peak position was consistent with the flow through 
 
Figure S4.6. ATR-FTIR analysis of LAWox (8.3 mM at pH 7 and 0.83 mM at pH 2, 4, 7) at 
static state by 400 scan.  
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Figure S4.7 shows that a reference spectrum of dissolved AHAuntre and its interaction with 
goethite surface was obtained in the wavenumber region of 800 - 4000 cm-1. 
 
Figure S4.7. ATR-FTIR spectra (800-4000 cm-1) of (a) 1000 mgDOC/L AHAuntre, pH 7 and 
its flow through interaction with goethite film acquired at (b) 5 min, (c) 15 min, (d) 30 min, 
and (e) 60 min. 
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Figure S4.8. ATR-FTIR spectra of Millipore water against air. 
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Figure S4.9. ATR-FTIR spectra of goethite suspension against water. 
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